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Abstract
The law of bone remodeling, commonly referred to as Wolff’s Law, asserts that the
internal trabecular bone adapts to external loadings, reorienting with the principal
stress trajectories to maximize mechanical efficiency, thereby creating a naturally
optimum structure. The primary objective of the research was to utilize an advanced
structural optimization algorithm, called design space optimization (DSO), to create
a numerical framework to perform a micro-level three-dimensional finite element
bone remodeling simulation on the human proximal femur and analyze the results to
determine the validity of Wolff’s hypothesis. DSO optimizes the layout of material
by iteratively distributing it into the areas of highest loading, while simultaneously
changing the design domain to increase computational efficiency. The result is a
”fully stressed” structure with minimized compliance and increased stiffness. The
large-scale computational simulation utilized a 175m mesh resolution and the routine
daily loading activities of walking and stair climbing. The resulting anisotropic
human trabecular architecture was compared to both Wolff’s trajectory hypothesis
and natural femur data from the literature using a variety of visualization techniques,
including radiography and computed tomography (CT). The remodeling predictions
qualitatively revealed several anisotropic trabecular regions comparable to the natural
human femurs. Quantitatively, the various regional bone volume fractions from the

i

computational results were consistent with CT analyses. The strain energy proceeded
to become more uniform during optimization; implying increased mechanical efficiency
was achieved. The realistic simulated trabecular geometry suggests that the DSO
method can accurately predict three-dimensional bone adaptation due to mechanical
loading and that the proximal femur is an optimum structure as Wolff hypothesized.
The secondary objective was to revise this computational framework to perform the
first in-silico hip replacement considering micro-level bone remodeling. Two different
commercially available hip prostheses were quantitatively analyzed using stress, strain
energy, and bone mineral density as performance criteria and qualitatively visualized
using the techniques above. Several important factors for stable fixation, determined
from clinical evaluations, were evident: high levels of proximal bone loss, distal bone
growth, and medial densification. The results suggest the DSO method can be utilized
for comparative prosthetic implant stem design, uniquely considering post-operation
bone remodeling as a design criterion.
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Chapter 1
Introduction
1.1

Motivation

The number of total hip arthroplasty, commonly referred to as total hip replacement
(THR), has been steadily increasing in North America over the past decade due to
demographical shifts in population and patients requiring the surgery at earlier ages.
From 1997 to 2007, there has been a 140% and 79% increase for THR in the 45-54
age group for males and females, representing the largest segment growth for males
and the third largest segment for females in Canada, respectively [1]. Currently over
24,000 THRs are performed each year in Canada with 13.6% of all THR being revision
surgeries; that is, corrections to primary THR failure [1]. THR is most commonly used
to treat severe and debilitating osteoarthritis, which is inflammation and degeneration
of an articulating joint.
The preferred fixation method for the replacement components in THR, especially
for younger patients, uses an uncemented prosthetic implant in which the internal bone
structure remodels and fixates to the porous surface of the implant. This biological
1
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fixation into the structure is called osseointegration or bone ingrowth, providing
increased structural stiffness at the bone-implant interface [2]. Aseptic loosening of the
joint, which occurs when the implant loses fixation, possibly leading to movement, can
increase substantially without this growth. The four main causes of aseptic loosening
include: mechanical failure of the implant, wear particles introduced at the interface
region (either cement or polyethylene debris), micro-motions at the interface, and
stress-shielding [3]. Stress shielding creates areas of reduced stress in the femur due
to changes in the load path following a THR, predominantly because of the higher
implant material stiffness and the dramatic geometrical changes. Each of the above
causes will typically initiate the biological response of bone resorption, called osteolysis,
which will degrade the fixation leading to aseptic loosening [3]. Aseptic loosening and
osteolysis account for 66% of all revision surgeries in Canada, followed by polyethylene
wear at 21% and implant instability at 13% [1].
Revision surgeries are typically more complex and longer than primary surgeries;
therefore, posing an increased risk to the patient. Revision implant stems are substantially larger, further reducing the remaining bone material. As a result, there is a
higher incidence of the use of bone grafts in revision surgeries [1]. From an economic
standpoint, the cost of revision THR surgery in the US has been estimated at $15,000
to $40,000 US dollars; whereas, a detailed study of primary THR had an average cost
of $13,339 US [4, 5]. With an aging population demographic and patients opting for
the surgery at a younger age, the demand for joint revision surgery is projected to
increase its current growth. A recent study projects the demand for primary THR in
the US to grow 174% from 2005-2030 and revision surgeries to double by 2026 [6]. The
revision burden on the patient and health care system, both physically and financially,
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will be extensive; therefore, it will be necessary to create longer lasting, better designed
prosthetic implants to combat these growth expectations. Implementation of novel,
efficient, and cost-saving tools for advanced design and analysis of hip prostheses is
fundamental to this goal.

1.2
1.2.1

Objectives
Structural and Multidisciplinary System Design Group:
Long-term Research Objective

A recent trend in implant design has been the utilization of multi-objective optimization
(MOO), which allows several performance measures such as: stability, wear, and range
of motion to be optimized and enhanced simultaneously [7, 8]. Porous-coated implants,
popular in THR, use bone ingrowth to create stable fixation. The ability to accurately
simulate this bone growth phenomenon via computational simulation would be an
invaluable tool to implant design. The long-term proposal for the current work is an
innovative method of measuring and maximizing the bone growth into the prosthesis
itself, preventing aseptic loosening over time by utilizing micro-finite element models,
which can accurately emulate the cellular bone remodeling process. By utilizing this
unique approach, the life of the hip replacement could be extended and the need for
corrective surgery could be avoided. This proposed research objective is a daunting
task, which will take several years and multiple researchers to achieve.
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Scope of Master’s Thesis

The initial step of the above research objective is to create a three-dimensional microlevel finite element computational bone remodeling algorithm, which can model the
cancellous bone’s adaptation to different external loading conditions. This algorithm
can be used to determine the changes in trabecular bone architecture after a THR,
providing valuable insight into the load path modifications and stress-shielding phenomena. Furthermore, the algorithm will allow for direct performance comparisons
between several different prosthetic implant stem designs.
There are three main objectives for this phase of the research, each with several
sub-objectives:
1. Creation of a three-dimensional micro-level finite element computational bone
remodeling algorithm using an advanced structural optimization technique called
Design Space Optimization (DSO).
(a) Design and implementation of the bone remodeling numerical framework
and program suite, which will allow the user to quickly and efficiently model
both femur and prosthetic implant geometries. The framework includes a
custom loading program allowing various combinations of external loading
conditions to be applied specifically for each femur / implant model.
(b) Comprehensive qualitative comparison to human femur geometry using a
variety of samples and visualization techniques, including radiography and
computed tomography (CT). Detailed quantitative analysis of bone density
distribution, stress, and strain energy will be utilized for validation.
(c) Determine if Wolff’s Law of Bone Remodeling, which hypothesizes that
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trabecular bone reorients to align with the principal stress trajectories
to maximize mechanical efficiency, is supported by the computational
simulation. This would be additional numerical evidence to support the
theory that the proximal femur is a naturally optimum structure.
2. Determine the feasibility of extending the above framework to perform an insilico hip replacement and predict the post-operation bone remodeling for an
individual stem prosthesis design.
(a) Revise and update the previous numerical framework to incorporate the
additional prosthesis design space, then implement and test this initial
framework on two unique prosthetic implant stems.
(b) Perform a detailed analysis comparing the pre-operation femur, immediate
post-operation, and post-remodeling simulations to determine the validity
of the algorithm, while simultaneously comparing the benefits of each
prosthesis design.
3. Identify the key limitations of the computational simulation frameworks, propose
improvements, and suggest important investigation areas for future researchers
in the field.
While the third objective is typical of any research, it was included to highlight the
fact that this study represents the creation of a novel micro-level three-dimensional
bone remodeling algorithm applied to prosthetic implant design. As a result, the last
objective is most important, as it is hoped this framework will be built upon by future
researchers to perform a realistic in-silico THR considering both bone remodeling and
the conventional performance measures using MOO. The ability to perform accurate,
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virtual simulations could greatly reduce the frequency of clinical in-vivo test trials on
animals and humans.

1.3

Contributions

The large-scale bone remodeling finite element optimization problem itself has over 20
million design variables and almost 85 million degrees of freedom. In order to solve
this large problem and overcome computer hardware limitations, the bone remodeling
algorithm was designed from “the ground up” with a novel variable handling system to
reduce memory requirements. In addition, pre-processor meshing and loading programs
were designed to allow the user to create the complex, design domains from a variety
of different Computer Aided Design (CAD) part files (not limited to femur or implant
geometry) and then apply physiological loading conditions at any desired resolution.
This framework is an important contribution to the field of computational bone
remodeling. It allows any three-dimensional femur or prosthesis model to be quickly
converted and utilized in the simulation; theoretically, allowing for patient-specific
remodeling simulations, both pre and post-THR. The bone remodeling simulation
framework produced realistic remodeled trabecular architecture and represents the
completion of this research phase. The hip replacement stimulations were able
to produce quantified comparisons between prosthesis geometries; however, several
improvements and extensive validation will have to be completed before patient-specific
bone remodeling applications.
Finally, the contribution to future researchers is significant. Detailed documentation
including large literature reviews, fully commented code, and operation manuals were
created to facilitate quick and efficient continuation of the research. The results were
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comprehensively analyzed and several recommendations are provided to improve the
framework before the next phase of the research.

1.4

Organization of Thesis

Chapter 2 focuses on background information and theory concepts, which the reader
should familiarize themselves with for complete understanding of the method and
results sections. It presents a brief outline of the biology of human bone, including
structure, architecture and bone remodeling; followed by the evolution of the total
hip replacement, the history, benefits to patient, and overview of the procedure. The
remaining sections explain the Finite Element Method (FEM), design optimization,
and typical structural optimization techniques. The chapter concludes by explaining
topology optimization and DSO, the key algorithms utilized in this research.
Chapter 3 presents the bone remodeling method, beginning with a literature review
outlining the evolution of FEM bone remodeling and the current trends in the field. A
detailed explanation of the method utilized in this research is presented: justification
of the algorithm, the numerical formulation, and computational framework.
Chapter 4 reviews the bone remodeling simulation results. Several qualitative
comparisons of the computational results are compared to a variety of geometric femur
analyzes from the literature. This comparison utilized direct imagery comparison to
human femur cross-sections, radiography, and CT scans. Quantitative analysis is also
performed via comparison to key morphological indices, mechanical properties, and
bone mineral densities, obtained from previous literature studies.
Chapter 5 revisits the bone remodeling algorithm, outlining revisions and additions
to the computational framework in order to perform the first micro-level in-silico hip
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replacement considering bone remodeling. A brief literature review of computational
orthopaedics utilizing the FEM and optimization is presented. A detailed explanation
of prosthesis / femur geometry modifications and framework revisions are presented.
Chapter 6 analyzes the in-silico hip replacement results with a focus on the bone
architecture adaptation immediately post-operation and post-remodeling; additionally,
the relative quantitative performance between two popular hip prosthetic implant stem
designs are analyzed. Previous analysis techniques from the literature are reviewed
and utilized to compare key performance measures, such as stress and strain-shielding.
Chapter 7 concludes with a detailed discussion of the methods and results presented
in the previous chapters. All key discoveries and outcomes are evaluated; furthermore,
limitations are fully addressed and in depth recommendations for future researchers
are suggested.

Chapter 2
Background
2.1

Biology of Bone

2.1.1

Characteristics and Anatomy

The skeleton is often perceived as static, rigid, and lifeless once adulthood is reached;
however, these perceptions could not be further from the truth. Bone is living, dynamic
tissue that provides much more than a simple support and protection structure for
vital organs. It is essential in the storage of important minerals, such as calcium
and phosphorus, and certain fats; in addition, blood cell production occurs in the
marrow cavities of long bones. Bone is typically comprised approximately of 35%
organic, primarily collagen and proteoglycans, and 65% inorganic material [9]. The
inorganic material consists of hydroxyapatite, a type of calcium phosphate crystal. The
collagen provides flexible strength, whereas, the hydroxyapatite provides compressional
strength.
There are over 200 bones in the human body and are normally classified according
9
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to their shape, such as long, short, flat, or irregular. The femur is a long bone structure
and is the largest bone in the body, see Figure 2.1. Bone structure is classified by
the apparent ratio of bone material to overall volume, leading to two main types:
cortical and cancellous bone. Cortical bone, also called compact bone, consists of
a dense matrix with relatively few spaces or openings. Cancellous bone, also called
“spongy” bone, is a porous structure consisting of interconnecting rods or plates of
dense bone tissue called trabeculae. Bone marrow and blood vessels exist in these
open spaces between the trabeculae, see Figure 2.2(a). In the femur, cortical bone
surrounds the exterior with the thickest portions in the diaphysis, or shaft portion.
The cancellous bone is located in the proximal and distal portions; that is, the areas
closest to and furthest away from the articulating hip joint, respectively. These areas
at the extremes of the femur are known as the epiphysis. In long bones, a large canal
void of trabeculae called the medullary cavity is present in the diaphysis. As a child,
this cavity is filled with blood producing red marrow and as people age it is slowly
replaced with adipose (fat) tissue called yellow marrow.
Proximal Femur

Epiphysis
Secondary
Epiphysis

Cancellous (spongy) Bone

Cortical (compact) Bone
Diaphysis
Medullary Cavity
Distal Femur

Figure 2.1: Adult human proximal femur cross-section (adapted from [9]).
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Bone Cells

The bone structure is created by several different bone cells, which are formed,
entrapped, and assist in the breakdown of the matrix to restart the formation process.
Examining the constituents of cancellous bone in more detail reveals these key bone
cells; an individual trabecular cross-section shows these cells in Figure 2.2(b). The
three main bone cell types that maintain the bone structure are described in detail
below [9]:
Osteoblasts
Osteoblasts are the cells that form the compact and trabecular bone in a process
called ossification. Cellular fibrous links are established between osteoblasts in the
bone matrix and are used for “communication”. An osteoblast is approximately
20-30µm in diameter.
Osteocytes
An osteocyte is a mature osteoblast cell, which becomes trapped by inorganic
material in the bone matrix. The cellular links between osteocytes become
passageways called canaliculi, which allow transportation of nutrients and gases.
A stained photo of osteoblasts and osteocytes within the matrix are shown in
Figure 2.2(c).
Osteoclasts
Osteoclasts are a larger, multi-nuclei cell that breakdown the bone in a process
called osteolysis or commonly referred to as bone resorption. The ruffled border
membrane of the cell increases its contact area with the bone matrix amplifying
its resorption efficiency. Hydrogen ions are produced in these ruffles creating an
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acidic layer, which decalcifies the bone matrix; in addition, enzymes are released
to digest the protein components. A detailed photo of an osteoclast with the
resorption trail is shown in Figure 2.2(d). An osteoclast is approximately 60µm
in diameter.

Osteoblast
Compact
bone

Trabecula
Cancellous
bone

Bone Marrow
Osteocyte

a)

c)
Stained
Photomicrograph
of Trabecula

Spaces containing
bone marrow and
blood vessels

LM 240x

Trabeculae
Osteoblast
Osteoclast
Osteocyte

Scanning
Electron
Microscope
of
Osteoclast

Trabecula

b)

d)

Lamellae
Canaliculus

Osteoclast

LM ~500x

Figure 2.2: Micro-level cellular structure of cancellous bone. (a) cancellous bone consists of dense trabecular and bone marrow (b) cross-section of single trabeculae depicting bone cells and micro-structure (c) stained photomicrograph
of cancellous bone constituents (d) electron microscope photomicrograph
of an individual osteoclast with resorption trail (adapted from [9, 10])

The trabeculae, with a 200µm average diameter in the proximal femur, are formed
in thin layers of mature bone called lamellae. Within the layers of lamellae, several
osteocytes will exist and maintain their existence by obtaining nutrients through the
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canaliculi. The surface of the cancellous trabecular bone will be covered with a single
active cellular layer consisting predominantly of osteoblasts with a few osteoclasts.

2.1.3

Wolff ’s Law of Bone Remodeling

The complex trabecular matrix has long been studied by scientists, engineers, and
doctors, who realized that the seemly chaotic orientation of the trabeculae in cancellous
bone is anything but random. Galileo Galilei studied the size and shape of bones
in 1638, perhaps the earliest recorded analysis of mechanical properties of bone,
concerned mainly with the proportionality of long bones [11]. Frederick Ward wrote
extensively on the internal structure of the proximal femur in his “Outlines of Human
Osteology”, comparing the trabecular architecture to that of a lamp post [12]. Von
Meyer presented a more detailed internal bone architecture analysis based on the
observations recorded in cadaver subjects, which he compared to the recent stress
trajectory analysis of a curved crane beam by Culmann (the precursor of Mohr’s
circle) [13, 14, 15]. The similarities were striking, sparking Julius Wolff, a German
orthopaedic surgeon, to study the femur in more detail using Von Meyer’s initial work
coupled with new specimens, see Figure 2.3 [15]. From the analysis Wolff hypothesized
that three basic principles, commonly referred to as Wolff ’s Law of Bone Remodeling,
govern trabecular geometry [16, 17, 18]:
1. Bone achieves maximum mechanical efficiency through self-optimization (i.e.
maximum specific strength with respect to weight).
2. Trabeculae functionally adapt to mechanical loading stimuli, orientating to align
with the principal stress direction.

CHAPTER 2. BACKGROUND

14

3. Self-regulation of bone structure by response to mechanical stimuli.

Figure 2.3: Wolff’s stress trajectory analysis: Comparison of principal stress directions
in curved crane and proximal femur using Von Meyer’s and Culmann’s
analytical studies (adapted from [16, 18]).
Wolff not only analyzed the optimality of the trabecular orientation but concluded
that the hollow, cylindrical structure of the diaphysis cortical bone can support much
more bending and torsion than a “solid bone” of the same weight [15]. Further progress
of Wolff’s Law was not completed until 1917, when Koch completely sectioned a femur
to perform the most detailed trajectory analysis to date; in the process, he confirmed
the functional alignment theory known as Wolff’s Law [15, 19].
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Present-day Bone Remodeling Theory

From conception, our skeletal system undergoes radical changes in size, shape, and
composition; this process is called bone modeling [20]. This modeling process consists
of various types of adaptation processes; mainly, removal of bone at one location and
creation of new bone at other locations. A femur at birth is nearly unrecognizable
compared to a fully developed adult femur. The femur undergoes bone formation
through osteogenesis, the creation of new soft bone tissue or cartilage, which will
eventually form the hard calcified trabecular and cortical bone structures through
ossification [21].
Once adulthood is reached, the size and shape of the skeletal system remains largely
unchanged; however, this does not mean bone concludes formation. A perpetual
regeneration of the bone matrix occurs after maturity; replacing old bone with new
bone at the same location, in a process called bone homeostasis or bone remodeling.
Bone remodeling is activated by multiple biochemical mechanisms such as hormones,
nutrition, and disease [20, 22, 23]. In addition, biomechanical stimulus, even from daily
activities, has been shown through strong experimental evidence to be a prominent
factor in triggering remodeling [24, 25, 26, 27]. In load bearing bones remodeling
serves to repair fatigue damage caused by micro-fractures and prevent excessive bone
aging [28, 29]. As a result, the complete human skeleton is recreated or remodeled
every ten years and 25% of trabecular bone is remodeled every year [20, 27].
As mentioned in Section 2.1.3, initial studies focused on similarities between
stress trajectories and trabecular architecture. Additional analysis of the femur was
completed after Koch’s detailed 1917 study; however, the focus shifted to accurately
determine loading conditions and quantifying internal structural stresses [30]. Cellular
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mechanics were introduced when Dr. Harold Frost put forward a new theory that
osteoclasts and osteoblasts somehow act in a coordinated bone remodeling sequence
[24, 31] . Frost called the cells involving in this remodeling sequence, the Basic
Multicellular Unit (BMU).
The current bone remodeling theory proposes that osteocytes recognize the need for
remodeling, for example at micro-fractures sites, and recruit stem cells from the bone
marrow [22]. These stem cells eventually form the osteoclasts and osteoblasts. Bone
resorption by the osteoclasts occurs over a period of three weeks followed by osteoblast
ossification over a period of three months, as the osteoblasts are remineralized in
the matrix structure to become osteocytes, see Figure 2.4 [20, 22, 32, 33]. While
it is known that biological and biomechanical stimuli will activate the osteocyte
communication initiating remodeling; the precise cellular reasons (e.g. does loading
change interstitial fluid flow in the canaliculi, triggering a response?) for activation is
still hypothesis [20]. A relatively recent theory about the activation of bone remodeling

Figure 2.4: Bone remodeling cycle. Osteoclast resorption is activated and occurs over
approximately 3 weeks, followed by osteoblast ossification over a period
of 3 months. The osteoblasts are then mineralized into the bone matrix
structure (adapted from [10]).
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due to biomechanical stimulus is the Mechanostat Theory. Developed by Frost, it
postulates that a minimum effective strain (MES) must be exceeded for remodeling
to be activated [25, 34]. Frost proposed the activation sequence worked much like a
household thermostat; in which, different input parameters would change a feed-back
control loop (thermostat) and directly affect bone mass (temperature). Frost described
four different regions of activation: the disuse window, strains below the MES would
cause bone mass reduction; the adapted window, normal healthy adaptation where
bone regeneration is preserving a constant level of bone mass; mildly overloaded
window, bone modeling causing an increase in bone mass (as in normal childhood
growth or strenuous exercise); and pathological overload, strain nearing or exceeding
material limits often leading to fracture [34]. A similar theory was also proposed by
Carter, which assumed three linear-piece wise functions of strain that govern bone
loss, remodeling, and growth [35, 36]. The mechanostat theory was highly speculative
until laboratory experiments determined that the magnitude and frequency of loading
have a direct effect on bone remodeling [26, 37, 38].
In the time of Wolff, the cellular behaviour of bone remodeling was unknown;
despite this, his theory of bone remodeling due to biomechanical stimulus (which was
based solely on engineering statics and qualitative femur evidence) is still relatively
accurate today. It is now known that a combination of biochemical and biomechanical
stimuli impact remodeling; therefore, Wolff’s Law of bone remodeling is more accurately
called trabecular “transformation” or adaptation [18]. The focus of this research is
on the biomechanical aspects of the adaptation process, rather than the biochemical
mechanisms. Any further reference to bone remodeling in the context of the numerical
simulation refers to the trabecular adaptation process due to loading only.
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Early attempts to treat joint arthritis in the 1800s could easily be described as creative
or, on the other extreme, macabre. Techniques ranged from complete limb amputations,
joint excision, and interpositional arthroplasty; in which, various tissues were placed
(some from animals) between the articulating surfaces to reduce pain [39, 40]. In 1891,
Themistocles Glück, a German professor and surgeon, developed the precursor of the
modern hip replacement. The implant was an ivory ball and socket joint fixated using
nickel-plated screws [39]. He also experimented with the first “cement” fixation by
utilizing a mixture of plaster, powdered pumice, and resin [39]. The modern age of
hip replacement came in 1938, when surgeon Philip Wiles performed the first total
hip replacement (THR) using precise fitting stainless steel components [39]. However,
the results of early THR were largely unsatisfactory; mainly due to lack of design, low
quality materials, and mechanical failure [40].
In the 1950s, Dr. John Charnley would revolutionize THR by designing a novel
low friction implant. The prosthesis utilized high-density polyethylene as a bearing
material and introduced polymethyl methacrylate bone cement for fixation [40]. The
results of the first generation Charnley hip after a 25-year follow-up revealed a
significantly improved survivorship; however, failures due to cement loosening and
fracture were prevalent [40]. Evolution of THR continued with the introduction of
the porous-coated hip replacement in the 1970s. The uncemented THR was designed
to combat osteolysis appearing at the cement-bone interface. After investigation,
the osteolysis was attributed to small cement debris particles; thus, giving rise to
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the phrase “cement disease” [40]. In the late 1970s, cementless THRs were being
performed routinely at certain hospitals in North America. Initial results showed
bone ingrowth created increased stability that could be maintained as long as bone
resorption did not occur [2]. As with cemented hips, original designs were fair in
performance; however, additional advances in geometric design and surgical techniques
greatly increased survivorship. Tapered stems and a press-fit installation method
show survivorship over 90% at the 10-year mark (end of survivorship being revision)
[40]. A relatively recent trend in THR has been the use of bone-conserving femoral
implants and minimal evasive surgeries. Devices such as the Mayo® Conservative hip,
based on a geometrically smaller double-tapered wedge design have been shown to
have high survival rates (98.2% at 10 years) while maintaining higher bone stock [41].
Two porous-coated stem implants from Zimmer Inc., the Alloclassic® and the Mayo®
Conservative, are shown in Figure 2.5.
In Canada, the most recent data by the Canada Joint Replacement Registry
(CJRR) in 2009 shows the current trend in fixation method: 71% used the cementless
method, up from 65% in 2004-2005; 26% used a hybrid method (i.e. one component
uncemented), down from 31% in the same time frame; with the cemented method
staying consist at 3-4% [1]. For younger patients who will likely need revision surgery
in the future, a conservative porous-coated option is desirable to preserve bone stock
[41].

2.2.2

Reasons for Total Hip Replacement

Arthritis is the inflammation of a joint, which can lead to significant pain and
discomfort, affects over 10% of people in the world [9]. The most common type is
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Figure 2.5: Porous-coated hip prosthetic implant stems. (a) The “conventional”
Alloclassic® design (b) The Mayo® Conservative design. Minimal invasive
surgery and conservation of bone material are the main benefits of the
smaller form factor (adapted from [42]).
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osteoarthritis (OA), which is the main diagnosis indicated for primary hip replacements
in Canada at 81% [1]. OA is deterioration of the articular cartilage that lines a joint,
which results in narrowing of the joint space causing irritation [1]. OA normally begins
as an abnormality in the cartilage, with heredity and normal wear of the joint being
contributing factors. OA rates are typically higher in elderly patients due to slowed
metabolic rates, and overweight persons due to increased wear [9]. Treatment for OA
usually begins with life style changes, such as diet and moderate exercise to reduce
weight to lower wear in the joints [9]. The CJRR shows that 80% of males and 68%
of females, who had hip replacements were either overweight or obese [1]. Moderate
pain is often treated using anti-inflammatories, such as acetaminophen, aspirin, and
ibuprofen. Additional drugs to increase joint lubrication, such as glucosamine, may
also be prescribed. Surgical procedures such as: arthroscopy, the cleaning of bone and
cartilage fragments from a joint; and osteonomy, the reshaping of a joint to provide
better contacting surfaces are often used to treat elevated pain [9]. Arthroplasty of
the hip is typically used if other treatment methods do not work, if the patient is in
unbearable pain, or if significant mobility will be restored [9].
Aseptic loosening of the joint, which is when the implant looses fixation possibility
leading to movement, is the primary reason for revision surgery [1]. The four main
causes of aseptic loosening include: mechanical failure of the implant, wear particles
introduced at the interface region (either cement or polyethylene debris), micromotions at the interface, and stress-shielding [3]. Stress-shielding are areas of reduced
stress in the femur due to changes in the load path following a THR. For example,
a press-fit implant stem is likely to have more bone ingrowth in the cortical region
due to increased contact and load transfer [2]. Each of the above causes will typically
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initiate a biological response leading to bone osteolysis, which will eventually lead to
aseptic loosening [3]. Aseptic loosening and osteolysis account for 66% of all revision
surgeries in Canada; followed by polyethylene wear at 21% and implant instability at
13% [1].

2.2.3

Components and Procedure Overview

There are several types of hip replacement designs for the prosthetic implant stem;
however, the majority either use the cemented or uncemented porous-coated implant
for fixation. The acetabulum is the concave mating surface in the pelvis, where the
femoral head articulates. The vast majority of hip replacements are THRs; that is,
the stem implant and the acetabular surface are both replaced. In Canadian, over
94% of hip replacement surgeries are this type [1].
Typical materials for the prosthetic stem include cobalt-chrome alloys, titanium
alloys, and ceramics; while the acetabular lining materials normally include various
types of polyethylene or ceramics. Currently in Canada, there is an increasing trend
in the use of metal alloys and cross-linked polyethylene, which now account for 46%
of all THR due to better performance, followed by 15% for metal alloys and standard
polyethylene and 11% of ceramic-on-ceramic [1].
A simplified, brief explanation of the THR procedure is outlined below [43, 44, 45]:
1. Removing the femoral head The femur is dislocated from the hip socket,
after the initial incision is made. The femoral head is removed with a special
surgical saw, which cuts the neck region at roughly a 40 − 45○ angle. This
procedure is called an osteotomy.
2. Replacing the bearing surface in the acetabulum Specialized tools are
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used to scrape damaged cartilage and bone from the acetabulum and the
socket is shaped to receive the acetabular implant. The implant will be fixated
using cement or press-fit allowing biological fixation; additional mechanical
fixation with screws may also have to be used in some instances. The lining
surface, typically cross-linked polyethylene, is then inserted into the acetabulum
component.
3. Clearing the femoral canal The cancellous bone material remaining in the
medullary canal is shaped and removed using a box chisel. For the Mayo®
Conservative replacement, no cancellous bone is removed.
4. Shaping the femoral canal A “canal finder”, a device resembling a small
awl is used to further refine the canal opening. A femoral shaped rasp, slightly
smaller than the actual implant, is driven down into the canal. This is used to
create the approximate position for the implant. Progressively larger sizes are
used until “solid impaction” is achieved and the implant is nearly flush with the
cut line.
5. Stem Implantation The stem, matching the final rasp size, is inserted and
“gently” impacted using a slide hammer. At this point fracture, due to excessive
hoop stresses, is a concern if the stem is forcefully compacted. Once fully
inserted and the fixation is acceptable (if not different stem lengths / widths
may need to be used), the femoral ball is inserted onto the stem and stability
trials are performed. Once the implant is deemed successful, the patient is taken
to recovery. The mean length of stay for THR patients in Canada, considering
both sexes, is approximately 6 days [1].
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Finite Element Method

The Finite Element Method (FEM) is a numerical solution method to solve a field
problem; that is, a problem that seeks to find the spatial distribution of one or more
dependent variables [46]. For example, an engineer may wish to determine the stress
field in a crankshaft under load or the temperature field of a cooling fin. Essentially,
FEM is used to approximately solve such problems when analytical methods cannot
be utilized, typically due to complex geometries, material properties, or complex part
interactions. The method works by descretizing the problem domain into several
finite elements, each with a specific shape function that describes the behaviour of
the individual element in a simplified way. For example, the shape function of an
individual element could assume a linear displacement field or a quadratic displacement
field. For complex problems and geometries, this assumed shape function will likely
not describe the exact phenomenon; therefore, the solution is approximate. These
multiple finite elements are connected via points called nodes; the arrangement of
nodes and elements is referred to as the finite element mesh. Numerically this mesh
represents multiple algebraic equations (the shape functions) that are solved at the
nodes, yielding an approximate spatial solution. There will be as many equations
as nodes; therefore, in order to solve the system of linear equations some of them
must be removed or have known solutions. This is accomplished by applying known
kinematic (e.g. prescribed displacements) and static (e.g. tractions or loads) boundary
conditions at specific nodes, which eliminates some of the “unknowns” making it
possible to solve the system and determine an approximate solution.
The solution is approximated in a piecewise fashion from node to node; error is
inherent due to the assumed structural behaviour (e.g. the shape function) and the
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size of the finite elements. Error can be reduced via two main types of refinement:
h-refinement, where the mesh resolution is increased, resulting in more, smaller sized
elements; and p-refinement, where the shape function is changed to more accurately
describe the physical phenomenon, such as using a higher-order cubic polynomial
to emulate the phenomenon in a beam bending problem. H-refinement will reduce
discretization error, which is due to the fact that the exact solution has an infinite
number of points to solve. P-refinement will reduce modeling error, which is due to
simplifications made in the element shape function selection process. The problem
behaviour, software and computing hardware used will dictate which refinement is
most effective. For a properly defined problem, as refinement is increased the exact
solution is approached.
A Finite Element Analysis (FEA) generally involves three-components or steps.
Pre-processing is the input phase where geometry, material properties, loads, and
boundary conditions are selected. In addition, the user must select the element
type, node position, and element size; this is known as meshing the geometry. Often
commercial FEA software will have automatic meshing algorithms built in. The
processor is the solving phase of the numerical analysis, which can be completed using
a variety of methods, such as direct matrix generation, or iterative solving techniques,
such as the conjugate gradient method. Post-processing is the final step, in which the
data is extracted in a way that the user can easily analyze and validate. Typically, for
static analysis commercial FEA software has several ways to list and graphically display
stress, displacement, etc; however, there are also several standalone post-processing
programs that allow a wider range of visualization and analysis techniques.
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Design Optimization

Optimization is defined as the methodology of making something as fully perfect,
functional, or efficient as possible. In mathematical terms, an optimum is described as
the maximum or minimum value of a function subject to given constraints. Engineers
and scientist often use the term design optimization to describe the process of improving
the design of a product or system in order to achieve maximum performance subject
to multiple physical constraints [47]. During design optimization we hope to achieve
the best possible design; however, as the design space can represent an infinite number
of different designs, this is often impossible or extremely difficult to obtain.
The important terminology involved in design optimization is outlined below:
Design Variable
Variable parameters that uniquely define the design problem that are solved
during the optimization process. These design variables can be subjected to
upper and lower values or bounds.
Examples: length, thickness, density
Design Constraints
Physical or prescribed limitations based on the design variables. Constraints
can be imposed in several different methods and can be applied in tandem. An
equality constraint is when the design must achieve a specific criterion, such as
requiring a constant flow rate in a cooling system. An inequality constraint is
when the design must remain in a specific criteria range, such as requiring the
maximum allowable volume of a tank to be less than a specific value.
Examples: maximum deflection, maximum stress, constant heat flux
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Objective Function
Performance measure dependent on the design variables and subject to the
design constraints that the optimization attempts to minimize or maximize to
achieve an optimal solution.
Examples: minimize volume, minimize cost, maximize stiffness
A simple example, see Figure 2.6, graphically depicts a one-dimensional design optimization problem. Assuming the design optimization problem is formulated to
determine the minimum value of the objective function, it is easy to determine its
location called the global optimum. The global optimum represents the best possible
solution with the lowest objective function value in the design space: the area where
permissible designs exist because they satisfy the various design constraints. The two
other optima are called local optima, as they represent the “best” solutions in the
immediate vicinity of other designs. One of the challenges of design optimization is to
ensure that a local optimum is not chosen and the search for the best design does not
end prematurely. An optimization can have one to several million design variables;

Objective
Function

Local Optima

Global
Optimum

Design Variable
Figure 2.6: One-dimensional objective function depicting global and local optima
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however, by increasing the number of design variables the complexity and difficulty
of the problem increases significantly. The above example is called one-dimensional
because it has a single design variable and can be represented visually as a twodimensional graph. A two-dimensional objective function with two design variables
can be visualized using a three-dimensional surface. An objective function consisting
of three or more design variables cannot be visualized using conventional techniques;
as a result, visualizing the design space with several design variables becomes highly
impractical.
A designer may wish to have several performance measures in their optimization
problem; this is known as multi-objective optimization (MOO). MOO is formulated to
include two or more objective functions requiring more complex solving methods. An
additional complexity arises due to competing performance measures; for example,
reducing an object’s mass while increasing structural stiffness [47].

2.5
2.5.1

Topology Optimization
Introduction

Engineers and scientists in industrial sectors such as automotive, aerospace, and
infrastructure are often required to “reduce weight, increase strength, or reduce costs”
(possibly a combination of all three); as a result, design optimization theory is often
applied to structural problems. There are several structural optimization techniques
each with their own unique strengths and weakness. An example of the three main
structural optimization techniques are applied to a cantilever beam problem, see
Figure 2.7. The three structural optimization techniques are described in detail below:
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Sizing (Parametric) Optimization
Specific structural characteristics are defined as the design variables. In the
example, see Figure 2.7(a), the thickness of three portions of the beam are the
design variables. The thicknesses are optimized and can subject to individual
upper and lower bounds.
Shape Optimization
Specific geometrical entities, typically surfaces or edges, are defined as the design
variables. In the example, see Figure 2.7(b), the upper and lower edges are the
design variables. The edges are defined using spline nodes. These nodes are free
to move up or down; this movement is called a degree of freedom. Multiple nodes
are then used to create a spline or curved line through these points defining the
optimized edge.
Topology Optimization
The design domain is discretized into finite elements; the “densities” of these
finite elements are defined as the design variables. In addition, they are subjected
to lower and upper bounds between 0 and 1, respectively (i.e. no material and
“100%” material). In the example, see Figure 2.7(c), the design domain is
discretized in 4000 individual finite elements and the optimized structure is
shown.
The optimized cantilever beam problem solution for three distinct methods, is shown
in Figure 2.7, each requiring an individual optimization problem formulation and
different solving techniques. Topology optimization attempts to create a minimum
compliance design by using global strain energy as the objective function. Compliance
is the inverse of stiffness; therefore, as compliance is minimized the structural stiffness
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(a) Sizing (Parametric)Optimization
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(b) Shape Optimization

?
(c) Topology Optimization

Figure 2.7: Various structural optimization techniques applied to cantilever beam
problem
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is maximized. Physically the topology optimization problem can be best described
as “material distribution optimization”; that is, for a given design domain under
specific kinematic (e.g. prescribed displacements) and static (e.g. tractions) boundary
conditions, material is distributed into areas of highest loadings. The result is a
structure with an optimal strength to weight ratio.
Consider the design domain in Figure 2.8(a), which contains all of the key features
of a typical topology optimization analysis. The design domain is defined into three
main regions: active, this is the area where the design variables are optimized to
obtain an element density of 0 or 1; proactive, predefined area where the material
always exists (element densities are 1); and inactive, predefined area where material
can never exist (element densities are 0). The problem is then solved by discretizing
the design domain into a specified number of finite elements, which are subjected to
the proper loading and boundary conditions. The solution of this particular problem
is shown in Figure 2.8(b) for the 50% volume constraint case.

Proactive Material
Design
Domain
Inactive Material
(a) Design domain and constraints

(b) Topology Optimized with 50% material

Figure 2.8: The important domains in a typical topology optimization applied to
cantilever beam problem with 50% material.
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Solid Isotropic Material with Penalization

Theoretically topology optimization attempts to solve a design domain with material
in the areas of highest loading and no material elsewhere. The discretized finite
element version of an optimized design would ideally consist only of 0 or 1 density
elements; however, this means that this problem formulation is a discrete value design
problem. The difficulty of a discrete value design problem is that the sensitivity of the
objective function with respect to the density variable, which drives the optimization
process, is not obtainable as the design variable is discontinuous. If this formulation
is used, more complex optimization algorithms, such as Genetic Algorithms, must be
employed [48].
A commonly used approach to avoid this problem is to replace the discrete design
variables with continuous design variables and apply a penalization function that
“steers” them to 0 or 1. The most popular method is known as the Solid Isotropic
Material with Penalization (SIMP), which penalizes the Young’s Modulus of the
individual design variables based on their densities, see Equation 2.7 [49, 50]. The
SIMP method uses a single user-defined exponential penalization factor applied
to the density value; the result is a simple and efficient continuous function. The
sensitivity of the objective function with respect to the design variables, which drive the
optimization process, are now obtainable because the function is easily differentiable.
The penalization factor, n, is chosen as a real value with n > 1.0, which results in
intermediate densities become an uneconomical design choice. It should be noted that
these element “densities” are not real material densities (e.g. kg/m3 ). Rather, the
elemental density is the theoretical measurement of “percentage material existence” at
a given location, which greatly influences the effective stiffness. Referring to Figure
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Penalization Effect of SIMP Method
1
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Figure 2.9: Effective Young’s Modulus for various exponent penalization values for
the Solid Isotropic Material with Penalization material model.
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2.9, which shows the effective Young’s Modulus based on different penalization values,
consider the non-penalized case of n = 1.0 for which the amount of material used is
linearly proportional to strength. This means each design variable with intermediate
density has proportional strength to a design variable with full density. Now consider
the n = 3.0 case, at 50% density the effective strength is only 12.5% of a full density
design variable; therefore, it is probable the element is uneconomical and the material
could be better used elsewhere. At higher values the effect is even more pronounced,
with n = 10.0 densities below 60% have zero effective strength.
The SIMP method when properly defined often leads to near 0 or 1 designs; in
which, there are only a few intermediate or “gray” elements. The physical significance
of an intermediate density during the optimization process is often raised as a concern,
especially if such elements appear in the optimized solution. Theoretically it is possible
to create a two-phase composite material, which can mimic the properties of a single
intermediate isotropic material if it satisfies the Hashin-Shtrikman bounds. Without
further elaboration, these bounds can be satisfied for a material with Poisson’s ratio of
0.30, if n ≥ 3.0 (refer to [50, 51] for a more detailed explanation). More often than not,
the user is not concerned with the intermediate results (which will contain intermediate
densities) but with the final design, for which, the user can choose to ignore the physical
significance of the few intermediate densities. It should be mentioned that a properly
defined and converged solution should only have intermediate elements in the final
solution at the boundaries between 0 and 1; therefore, making the physical significance
quite clear.
One drawback of the SIMP method is that it essentially reduces the problem
to several individual sizing problems (i.e. the element densities). This makes the
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discretized finite element problem sensitive to the mesh resolution, thereby, making
the solution mesh dependent. This means increasing the mesh resolution will yield
a different solution for the same problem. Typically as the mesh is refined further,
the introduction of more holes and truss style structures will appear. This implies a
lack of existence of solutions, as there are an infinite amount of mesh resolutions and
hence an infinite amount of optimum solutions. Even though many solutions can be
effective designs, they often include impractical or hard to manufacture attributes (e.g.
numerous holes / truss structures). In order to produce mesh independent solutions
a restriction must be implemented on the design variables to reduce the admissible
design space; the two main methods to ensure mesh independency are summarized
below:
Filtering of Sensitivities
Arguably the most used method in topology optimization to ensure mesh independency [51]. It modifies the individual design variables sensitivity to the
objective function using a weighted average of neighbouring elements in a specific
radius. The benefits of this method include: no additional design constraints
are required, complexity is not added to the optimization procedure, and only
a slight increase in computational time is required (number of calculations is
linearly proportional to number of design variables). A popular scheme proposed
by Sigmund [52, 53] modifies the design variable sensitivities of compliance as
follows:

̂
∂f
=
∂ρk

1
N

ρk ∑ Ĥi

N

∑ Ĥi ρi
i=1

∂f
∂ρi

(2.1)

i=1

where f is the objective function, N is the number of design variables, ρ is the
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design variable, and where the mesh independent convolution weight factor Ĥi
is represented by:
Ĥi = rmin − dist(k, i)

{i ∈ N ∣ dist(k, i) ≤ rmin }, k = 1, . . . , N

(2.2)

The operator dist(k, i) is the direct distance between the centers of elements k
and i, respectively. The filter radius is exceeded when dist(k, i) ≥ rmin and the
convolution weight factor Ĥi becomes zero. This particular filter decays linearly
with distance; however, filters with exponential and other functions have also
been developed [51].
The filter is a purely heuristic method; as a result, its beneficial effect cannot be
proven mathematically [51]. Despite this, the method has been used extensively
to solve a number of different problem and continues to be the most popular
mesh independency technique [51]. Additionally, the filter has been shown to
improve the optimization procedure by reducing the possibility of reaching a
local optimum. An example is when a very high penalization value is used, this
often causes the optimization to quickly go to a 0-1 design; however, filtering
can sometimes modify the design enough to “push it” out of the local optimum.
Perimeter Control
As previously mentioned, increasing mesh resolution typically leads to an optimized design with more “holes” as it increases structural efficiency. By constraining the perimeter, conceptually defined as the lengths or areas of the boundaries
between material, the number of holes in the domain can be limited ensuring
existence of solutions [51]. The discretized numerical implementation involves
restricting the total variation between elements, which is shown below for the
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three-dimensional case:
P=

K

2
∑ Ak ∣⟨ρ⟩k ∣
k=1

K

√

≈ ∑ Ak ( ⟨ρ⟩k + 2 − )
2

(2.3)

k=1

where ⟨ρ⟩k is the variation of density between bordering elements through interface k. The interface surface area is Ak and the total number of interfaces is
K. The parameter  is a small real number (typically  = 0.001) used to convert
the non-differentiable absolute value problem to the above differentiable term.
Unlike the filtering method, perimeter control is a constraint function method;
as such, an optimization algorithm that can handle multiple constraints must
be employed and the computational cost / complexity is increased. Another
difficulty associated with the method is choosing an upper bound on the perimeter, as the user is required to set this value before optimization. It is extremely
difficult to estimate a “good” value for most problems a priori ; therefore, a
great deal of trial and error with different values may be required.

2.5.3

Problem Definition and Algorithm

The mathematical formulation below is based on a topology optimization minimum
compliance, Ψ, problem subjected to a volume constraint. The design variables will be
the individual element densities, ρ. The number of design variables, N , is dependent
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on the size and mesh resolution of the domain.
Minimize

Ψ = f (ρ) = U (ρ)T K(ρ)U (ρ)
N

Subject to

g(ρ) = ∑ ρi dΩ ≤ V0
i=1

(2.4)

0 < ρmin ≤ ρi ≤ 1
F = KU
Where

ρ = [ρ1 ρ2 . . . ρn ]T

where U (ρ) is the nodal displacement vector, F is nodal external force vector, Ω is the
domain of the problem, and ρmin is a small density value utilized to avoid numerical
instability. Recognizing that the stiffness matrix, K(ρ), can be represented as:
N

N

i=1

i=1

K(ρ) = ∑ Ki (ρi ) = ∑ ∫ BiT D(ρi )Bi dΩ

(2.5)

Ωi

where B is the strain matrix and the elasticity matrix, D, for a three dimensional
isotropic material can be expressed as:
⎡
⎢1 − ν
ν
ν
⎢
⎢
⎢
⎢ ν
1−ν
ν
⎢
⎢
⎢
⎢ ν
ν
1−ν
E(ρi )
⎢
⎢
D(ρi ) =
(1 + ν)(1 − 2ν) ⎢⎢ 0
0
0
⎢
⎢
⎢
⎢ 0
0
0
⎢
⎢
⎢
⎢ 0
0
0
⎣
Finally, due to the SIMP method the individual design
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⎤
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(2.6)
⎥
0 ⎥⎥
⎥
⎥
0 ⎥⎥
⎥
1−2ν ⎥
⎥
2 ⎦
Young’s Modulus,

E(ρi ), is penalized as follows:
E(ρi ) = ρi n E0

(2.7)

where E0 is the reference Young’s Modulus for the material and n is the exponential
penalization factor. As discussed in Section 2.5.2, n = 3.0, is a typical value for
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a three-dimensional problem. The design variable sensitivities are required for the
optimization algorithm and are most effectively calculated using the adjoint variable
method, which avoids explicit calculation of the derivatives of the displacement [54].
The derivation for design variable sensitivity (DVS) is shown below, starting with the
objective function written with the zero function and where Ũ is any arbitrary fixed
real vector:
Minimize Ψ = U T KU = (KU ) U = F T U
T

= F T U − Ũ T (KU − F )

∂Ψ
∂ρi
∂U
∂K
∂U
= FT
− Ũ T (
U +K
)
∂ρi
∂ρi
∂ρi
∂U
∂K
= (F T − Ũ T K)
− Ũ T
U
∂ρi
∂ρi
∂K
= −Ũ T
U
∵ F T − Ũ T K = 0 , F = KU
∂ρi

Ψ′ =

= −nρin−1 U T Ki U

(2.8)

∵ U = Ũ

An important property to note is that the design variable sensitivities are mathematically separable; that is, each design variable only requires their individual density
and displacement values for the calculation. Despite this, the other design variables
still effect the design variable sensitivity calculation explicitly through the global
displacement vector, U (i.e. the individual displacement of one element will depend
on the displacement of all other elements).

CHAPTER 2. BACKGROUND

2.6
2.6.1

40

Design Space Optimization
Introduction

One of the main applications for topology optimization is the creation of the initial
preliminary design. When compared to shape or size optimization, the user is not
required to make an “initial guess” at the design shape and apply design variables
to it (e.g. spline nodes or lengths); however, topology optimization does require one
potentially limiting user defined input: the fixed design domain. Most structural
problems will have predefined design domains limited by physical constraints; for
example, the maximum height and width of a bridge. However, there are some
problems that may have no physical size limitations at all. Restricting the design
domain could possibly eliminate the true global optimum. A quick and intuitive
solution is to simply increase the size of the design domain to prevent any possible
limitations due to domain boundary interactions; however, this will add a significant
number of design variables to the problem, making it very computationally expensive.
A substantial amount of these design variables, normally at the extremes of the load
path, will quickly converge to zero densities; nonetheless, each one is still present
through all numerical calculations (e.g. FEA, sensitivity analysis, etc.) despite little
measurable influence on the final design.
Design Space Optimization (DSO) is an evolutionary topology optimization algorithm, which expands and reduces the design space during the optimization process
[55, 56, 57]. The objectives are to remove the uncertainty of design domain selection
and to minimize the number of these superfluous elements. DSO uses the concept
of a fixed grid or background mesh (similar to conventional topology optimization)
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to facilitate the design space evolution. This fixed grid is the maximum allowable
expansion area of the active design space. It can be extremely large with no substantial
increase in processing cost, as only the active design elements are used during the
finite element and design sensitivity calculations. This allows faster finite element
solving, reduced overall memory requirement, and smaller visualization output file
size.
The concept is illustrated in Figure 2.10, which compares conventional topology
optimization and DSO for a 2:1 height-to-width ratio cantilever beam with a 25%
mass constraint. The conventional method is initialized with 25% density for all
elements, while DSO is initialized with a thin-beam of 100% density material and
a fixed-grid equal to the conventional method. Both proceed to the final two-bar,
truss style structure; however, the total number of design variables (as shown by the
element meshes) is significantly different. The conventional method remains constant
at 3200 elements throughout optimization; conversely, the DSO method converges
with 1186 elements representing over 60% less elements. An additional benefit is
that the intermediate geometries of the DSO method are physically significant; they
represent feasible designs with few intermediate densities.

2.6.2

Design Space Expansion

Design space expansion is facilitated using the design space sensitivity (DSS), which
refers to the effect of the new design variables on the objective function. To ensure
numerical continuity of the design during the design space expansion, a technique
called the pivot phase is used, as illustrated in Figure 2.11. During the pivot phase, a
single layer of near zero density elements are added to the exterior “core” elements

CHAPTER 2. BACKGROUND

42

(a) Conventional Topology Optimization

(b) Design Space Optimization

Figure 2.10: Topology Optimization versus Design Space Optimization for a cantilever
Beam. The final images to the right show the optimized geometry with
the finite element mesh. Note the large reduction in mesh size for the
DSO method.
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in the current design space. These new “boundary” elements create little structural
difference; with respect to both compliance and weight. In a similar way to DVS (see

ρ≈0

Initial Domain
Pivot Phase
= Core Element
= Boundary Element
Figure 2.11: Pivot phase design space expansion concept. Creates a layer of near
zero density elements from which the DSS will be calculated using the
elemental strain energies (adapted from [56]).
Equation 2.8), the DSS can be calculated for each of these boundary elements using a
directional derivative (see [56] for detailed procedure). The DVS is then calculated for
each of the core elements and the overall absolute maximum value is selected. The size
of the expansion layer, ri , is calculated for the i th boundary element by the following:
∣(Ψ′i )boundary ∣

8
4 3
2
r
ri + 1)
+
2r
+
=
ζ
×
(
i
i
3
3
max ∣(Ψ′i )core ∣

(2.9)

where (Ψ′i )boundary is the DSS of the i th boundary element, max ∣(Ψ′i )core ∣ is the
maximum absolute DVS of the core elements, Vmax is the maximum volume constraint,
vi is the volume of the i th element, and ζ is a scaling constant (typically a value of
100 for three-dimensional problems) [56].

2.6.3

Design Space Reduction

Design space reduction is facilitated by implementing a threshold density cutoff,
ρthreshold , which is normally selected to be a near zero value to ensure numerical
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continuity. All elements below this density are simply removed from the design space;
however, in some cases this can lead to isolated elements. These elements have no
connection to the loading path or boundary constraints, essentially “floating” in the
design space, leading to numerical instabilities in the FEA.
A simple load path checking algorithm is implemented to ensure a realistic structure
is produced. The check begins at the boundary constraint locations; the elements
bordering this area are flagged as part of the load path as they are known to be
constrained. This is the first set of confirmed non-isolated elements. The next set is
populated by checking neighbouring elements of the previous set; active connected
elements are then confirmed as non-isolated. This process continues with each new
element set, until no new elements on the load path are identified. At the conclusion,
all unflagged elements that are not connected to known constrained elements are
simply removed.

2.6.4

DSO Framework

The DSO algorithm framework, illustrated in Figure 2.12, consists of two separate
optimization loops: an outer design space optimization and an inner topology optimization loop. The design space and variables are initialized, then the first iteration
of the inner loop the pivot phase single layer expansion occurs. The DSS is calculated
and multiple expansion layers are created; this is the first design space. The inner
topology loop continues until design convergence is reached, typically the criterion is
based on the maximum density change between iterations, defined as:
m−1
∣ ≤ ρthreshold−topology
max ∣ρm
i − ρi

(2.10)
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OptimizeDesignVariables
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DesignVariableConvergence?
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DesignSpaceReduction
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OPTIMIZATION

DesignSpace Convergence?
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OPTIMIZEDDESIGN

Figure 2.12: Flow chart of Design Space Optimization algorithm
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where m is the iteration number. If convergence is not reached, the design variables
are updated and another iteration occurs. After convergence is reached, a design
space reduction is performed. As outlined above, all low density elements are removed
from the design space and then a check for isolated elements is completed to ensure a
feasible structure. Design space convergence is then checked according to the average
density change in the new boundary elements as follows:
Nboundary

∑

(ρi )boundary

i=1

where Nboundary

≤ ρthreshold−dso

(2.11)

Nboundary
is the number of boundary elements created during expansion and

(ρi )boundary is the density of the i th boundary element. If convergence is not reached,
the inner loop is re-entered and the design space expansion is performed again. This
procedure repeats until both the inner and outer loops are converged, representing
the optimum design and design space.
The DSO method can be used in a variety of ways. The user can decide to start
with a small design space and expand outwards, or conversely to start large and reduce
quickly. The key advantage of DSO is that any element that is added can be removed
in the future; similarly, if removed it can be re-added later. This reduces the risk of
eliminating the true global optimum. An alternative expansion scheme consisting of a
single or multi-layer expansion selected by the user a priori could also be used. The
benefits of a fixed expansion are decreased coding complexity and no need for the
additional pivot phase FEA. Whether or not a reduction in computational time is
achieved using this fixed expansion is highly dependent on the problem definition. It
is up to the user to decide (mainly through trial-and-error methods) which method is
most suitable for their application.

Chapter 3
Computational Bone Remodeling:
Method
3.1

Literature Review

Wolff’s Law has been analyzed, critiqued, and refined using clinical, experimental,
and computational means over the past 100 years. Much of the initial work by
Wolff was not truly refined until the 1960s, when cellular bone mechanisms were first
being discovered. It is now understood that many factors impact bone growth and
remodeling. The cellular mechanisms underlining bone remodeling are much more
understood than in the time of Wolff. Frost’s Utah Paradigm (an evolution of his
mechanostat theory) seeks to link biochemical and dynamic biomechanical factors in
a single unified theory; however, the author recognized that tens or even hundreds of
factors affect bone growth and there is still much to discover [23]. Over the past few
decades, computational techniques have been developed that utilize the Finite Element
Method (FEM) to simulate the bone remodeling process; specifically, the internal
47
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trabecular adaptation to external loading conditions. All bone remodeling algorithms
surveyed are empirical in nature, using some variation of stress or strain as the main
driving factor or objective function for optimization. They are governed solely by
biomechanical stimulus without considering the actual biological mechanisms that are
present in the natural homeostasis of bone. The proximal femur is the common focus
of previous research, as it is the largest load bearing long bone containing considerable
amounts of cancellous bone.
The majority of early FEM computational bone remodeling studies have focused
on a two-dimensional cross-sectional slice using a limited number of elements due
to the computer power available at the time. Carter et al. proposed some of the
earliest theoretical frameworks for adaptive bone remodeling and completed several
single load analyzes using peak effective stress for remodeling [35, 36, 58]. They also
developed a novel approach for predicting the apparent bone density distribution using
experimental measurements. They utilized an adaptive elasticity model formulation
with an exponential factor of 3, see Equation 3.1, which would become the most
referenced material model in computational bone remodeling [59, 60]. Interestingly,
this formulation is nearly identical to the SIMP material model described in Equation
2.7 (see Section 2.5.2), which would not be proposed for 12 more years. The initial
version included a strain rate variable; however, this was later removed when applied
to quasi-static bone remodeling algorithms [61].
E(ρi ) = 3790ρi 3

(3.1)

Analyzing the problem from different perspectives, Huiskes et al. [62] proposed a
time-dependent strain energy density approach for remodeling. Weinans and Huiskes
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[61] later elaborated on this work, creating a detailed analytical adaptive bone remodeling equation based on strain energy density. Beaupré et al. [63] proposed
a time-dependent tissue stress criteria. Adachi and Tsubota [64, 65], prominent
researchers in the field over the previous decade, proposed the non-uniformity of
local surface stress criteria and were the first to use a micro-level continuum model.
The common feature of these various numerical approaches is that they were derived
specifically for bone remodeling; conversely, this work utilizes a proven structural
optimization technique. Design Space Optimization (DSO) is a specialized topology
optimization algorithm that attempts to distribute a finite amount of material into
the areas of highest loading, to achieve an optimal strength to weight ratio, using a
global strain energy approach. This method has been proven to be a robust algorithm,
which not only produces equivalent results with the above methods, but also has the
unique ability to describe the intermediate structural adaptation progress in the time
domain and incorporate multi-disciplinary and multi-objective functionality [66].
With increasing computing power, recent studies have been able to use micro-finite
element (µFE) models that accurately represent trabecular architecture. These are
predominantly two-dimensional models, which inadequately describe actual femur
loading conditions and feature simplified geometries [64, 67]. Three-dimensional studies
have also been performed; however, to reduce computational cost these models use
a macro-level or hierarchical multi-scale (macro-micro) approach [68, 69, 70]. These
methods provide adequate insight into overall mechanical properties and approximate
density distribution models but cannot accurately represent the individual trabecular
architecture. Three-dimensional µFE models of the proximal femur have been created
using computed tomography (CT) scans to complete a single stress analysis simulation;
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such simulations can only be achieved by utilizing computationally efficient algorithms
and parallel computing [71, 72]. Computational bone remodeling requires numerous
FE analyses in an iterative fashion and additional optimization calculations, resulting
in much greater computational cost. The only three-dimensional simulation of this
type was recently achieved by Tsubota et al. [73] using the local uniformity of stress
method.

3.2
3.2.1

Method
Trabecular Adaptation via Design Space Optimization

As discussed in Section 2.5, topology optimization seeks to minimize global compliance resulting in a structure of uniform strain energy. It achieves this by iteratively
distributing a finite amount of material in a given domain; during the optimization
process, the areas of highest loading will attract more material to maximize overall
structural stiffness. This is conceptually similar to bone remodeling caused by mechanical loading, as discussed in Sections 2.1 and 3.1. The areas of highest loadings in
the trabecular bone will be more susceptible to micro-fractures; thereby, activating
the remodeling process and resulting in acquisition of more bone mass [20, 28]. Bone
remodeling is a continuous dynamic process that is always adapting to new loads
and biochemical changes. However, the computational version will only continue to
redistribute the material until convergence is reached; signaling the optimum design for
the specific loading conditions. As a result, the analysis can be considered quasi-static
as the optimization process dynamically (through multiple iterations) adapts to the
current set of static loading conditions. Conventional topology optimization for bone
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remodeling contains two main limitations: the inability to emulate bone remodeling at
the trabecular surface and the large computational cost associated with the constant
fixed design domain.
Design Space Optimization (DSO), see Section 2.6, is the outer loop of a specialized algorithm that adaptively adjusts the design domain after each inner topology
optimization loop. Osteoblast ossification is conceptually similar to the design space
expansion, which occurs by adding a single layer of near zero density (ρmin = 0.005)
elements along the complete trabecular boundary. The final mass of the elements
depends on the relative strain energy in these locations. It must be high enough
to “activate” growth, similar to osteoblast ossification. In the same way, osteoclast
resorption is conceptually similar to design space reduction as inefficient elements
(ρ ≤ 0.050) represent areas of low strain and are removed to maintain efficiency. These
conceptual similarities between bone remodeling and DSO are shown in Figure 3.1.
The greatest advantage of DSO is the reduction in computational cost by eliminating unnecessary elements from the analysis. For the femur simulation, it effectively
cuts the total number of initial active elements used in the FEA in half, see Table 3.1.
The total number of active elements will vary throughout the simulation; however,
the savings is a minimum of 20%, with an average of around 40%. Most importantly,
the DSO algorithm does not impact the resulting solution; as it has been shown that
the topology optimization and design space optimization methods will produce nearly
identical results [74].
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Design Space Expansion

Bone Ossification

ρ≈0

Osteoblasts
Trabeculae

Bone Resorption

Design Space Reduction
ρ < ρ threshold

Osteoclasts

Bone Remodeling

Design Space Optimization

Figure 3.1: Conceptual similarities between bone remodeling and Design Space Optimization

Fixed Grid
Cortical
Cancellous
Active FEA

Topology
Optimization
[Elements]

Design Space
Optimization
[Elements]

Percentage
of Original

83,704,192
7,645,853
21,185,598
28,831,451

83,704,192
7,645,853
5,529,491
13,175,344

100%
100%
26.1%
45.7%

Table 3.1: Finite element comparison: Topology versus Design Space Optimization
using femur model at 175µm mesh resolution for initial models. Initial
savings are over 50% and average 40% throughout the optimization process.
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DSO Bone Remodeling: Numerical Formulation

The design space optimization formulation minimizes the global compliance considering
multiple loading cases and several specialized constraints. The multiple loading factors,
m, are resolved individually and summed using a normalized weight factor, cj . The
individual bone cell densities, ρi , in the cancellous region are the design variables,
where N is the total number of trabecular bone cells. A mass inequality constraint is
implemented to ensure the trabecular bone maintains a realistic physiological bone
volume fraction. The perimeter, defined as the sum of the inner and outer boundary
surface areas, is subject to an inequality constraint to ensure the porosity of the
cancellous bone region remains within the physiological range. The mathematical
formulation is as follows:
Minimize

m
1
f (ρ) = ∑ cj ( uTj Kuj )
2
j=1
N

Subject to

g1 (ρ) = ∑ ρi vi ≤ M0
i=1

(3.2)

g2 (ρ) = P ≥ P0
0 < ρmin ≤ ρi ≤ 1
where K is the global stiffness matrix, uj is the nodal displacement vector for individual
load case j, ρ = [ρ1 ρ2 . . . ρn ]T is the density design variable vector (i.e. element
densities), and vi is the volume of the i th design variable (i.e. element volume). P
is the current perimeter calculated using Equation 2.3. M0 and P0 represent the
calculated initial mass and perimeter values, respectively. The Young’s Modulus of
the i th element, Ei , is defined using the element density, ρi , and the reference value
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of Young’s Modulus, E0 :
Ei = ρni E0
Ei = E0

Cancellous Bone
(3.3)
Cortical Bone

where n is the penalization exponent. This work utilized n = 3.0, which has been used
in previous two-dimensional studies with good results [66, 67]. The constant reference
Young’s Modulus for both the cancellous and cortical bone is E0 = 20.0GP a.

3.2.3

Material Properties

Cancellous bone is both inhomogeneous and anisotropic, consisting of dense trabeculae
and bone marrow. The reported values of Young’s Modulus for trabecular bone varies
greatly in the literature from 1 to 20 GPa, while cortical bone is consistently shown
to be 20-22GPa along the long bone axis and 12-14GPa transversely [75]. This large
discrepancy is strange as the mineral and collagen contents are essentially the same
between cortical and cancellous bone, as is the cellular formation [76]. The difference
is often attributed to difficulties in preparing and mechanically testing the trabecular
specimens due to work piece size. Advanced measurement techniques, such as acoustic
microscopy and nanoindentation, have allowed the elastic properties of bone to be
evaluated at a micro-structure level with minimal experimental artifact [75, 77]. Turner
and Rho determined that individual trabecular bone can be approximated as having
isotropic material properties at a micro-level. Thereby, validating the hypothesis that
anisotropy of cancellous bone is due to the macro-level porous trabecular structure
[75]. Using the two advanced techniques described above, the Young’s Modulus of
trabecular and cortical bone were determined, see Table 3.2. The measurements
confirm that cortical bone is anisotropic; however, they also show that the average
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elastic moduli of cancellous and cortical bone are similar.
In this work, two simplifying assumptions are made in accordance with previous
studies. First, identical isotropic material properties for cancellous and cortical bone
with a reference Young’s Modulus, E0 = 20GPa, and Poisson’s ratio, ν = 0.3, are
approximately the average nanoindentation findings of Turner [75]. While cortical
bone is known to anisotropic, the impact to remodeling should be limited since it is
not part of the design domain. Second, the bone marrow fluid is not modeled and its
effects on trabecular adaptation are not considered. These assumptions are consistent
with previous two-dimensional studies [64, 66, 67].
Specimen

Young’s Modulus
by Acoustic [GPa]

Trabecular Bone
17.50 ± 1.12 (n=3)
Cortical Bone - Transverse
14.91 ± 0.52 (n=3)
Cortical Bone - Longitudinal 20.55 ± 0.21 (n=3)
Cortical Bone - Average
17.73 ± 0.22 (n=3)

Young’s Modulus
by nanoindentation [GPa]
18.14
16.58
23.45
20.02

±
±
±
±

1.70
0.32
0.21
0.27

(n=30)
(n=60)
(n=60)
(n=60)

Table 3.2: Young’s Modulus of cortical and cancellous bone using acoustic and nanoindentation (adapted from [75]).

3.2.4

Loading Conditions: Selection

The femur experiences a wide range of loading profiles, which are heavily dependent
on the activities of the individual. These various loading conditions have been
shown to have a profound effect on the trabecular architecture. For example, intense
weight training has been linked to increases in overall bone density [78], while disuse
of limbs and lower gravity due to space flight have been correlated to significant
decreases in bone mass [79, 80]. Proper application of accurate physiology (e.g. muscle
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connections) and loading conditions, in both direction and magnitude, is paramount
to computational bone remodeling studies.
Many of the previous two-dimensional and three-dimensional studies, mentioned
in Section 3.1, have used three separate loading cases to achieve a more accurate
representation of typical daily loading scenarios [61, 64, 67, 73]. The three loading
conditions include: the one-legged stance, and two extreme ranges of motion, abduction and adduction. Abduction is the motion of lifting the leg away from the
median (sagittal) plane of the body; conversely, adduction moves the leg closer to
the body. These three loading conditions were first developed by Carter based on a
two-dimensional force analysis; however, the extreme range of motion values “were
constructed solely on the basis of what we believed to be reasonable conditions in the
extremes of normal activities” [81]. These loads were developed on estimates of force
and direction considering only in-plane loading; as a result, they do not capture true
three-dimensional loading conditions on the body during actual daily activities. These
conditions are the de facto standard for two-dimensional bone remodeling; however,
in this study realistic three-dimensional loading conditions are employed.
Several studies by Bergmann et al. [82, 83] have measured hip contact loading
profiles in-vivo via clinical trials using instrumented hip prosthesis and analysis of
gait patterns. Bergmann employed several strain gauges in various orientations,
thereby allowing each force component to be resolved individually. The complete
three-dimensional dynamic load profiles were collected for several daily activities and
peak resultant forces calculated. The most recent study by Heller and Bergmann et
al. has introduced musculoskeletal forces, in addition to the hip contact forces, using
clinical data, reverse-kinematics, and validated computational simulation models [84].
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This study provides three-dimensional physiological loading conditions for the femur
based on routine daily activities of walking and stair climbing. These walking and
stair climbing loading cases were used in this simulation with equal weighting factors,
c1 = 0.50 and c2 = 0.50, respectively.

3.3
3.3.1

Computational Framework
Femur Model: Conversion to Voxel Mesh

As explained in Section 2.5, topology optimization needs the proactive, inactive, and
active design spaces explicitly defined for the simulation. Furthermore, since the
DSO method is used, a more complicated variable tracking system is also required to
handle the ever evolving design domain. A new fixed grid variable tracking system
was proposed and created to minimize memory and computational requirements for
large scale three-dimensional problems. This method is summarized in Appendix A.
The femur geometry utilized is based upon the synthetic composite femur designed by
Pacific Research Laboratories Inc [85]. The anatomically correct femur was developed
with cadaver bone from a 90.8kg, 183cm tall male using computed tomography (CT)
[86]. It should be noted the obtained model was “smooth” and does not contain rough
surface attributes or the fovea capitis; that is, the slight depression on the femoral
head, which connects to a hip ligament. The original computer aided design (CAD)
model was in IGES (Initial Graphics Exchange Specification) format with both the
cancellous and cortical boundaries defined, see Figure 3.2. The cancellous model is
the active design space, as it is the only portion of the bone that is optimized in this
analysis. The cortical model is the proactive design space, as it is constant throughout

CHAPTER 3. COMPUTATIONAL BONE REMODELING: METHOD

58

the optimization. All remaining areas are considered inactive.

FIX

ID
GR
D
E

Active Design Space
(Cancellous Geometry)

Inactive Design Space
(No Geometry)

Proactive Design Space
(Cortical Geometry)
Z

Y
X

Figure 3.2: Proximal femur CAD model in IGES format. The fixed grid and various
design domains for optimization are noted.
For three-dimensional topology optimization problems, the design domain is discretized into square, uniformly sized finite elements called voxels (volume elements or
volumetric pixels) to facilitate optimization. To achieve this, the femur model was
first manipulated in Hyperworks™ (a computer aided engineering (CAE) simulation
software platform by Altair Engineering Inc. [87]); the model was cropped at the
medullary cavity allowing the cancellous and cortical design spaces of the proximal
femur to be extracted. The next step was to create a triangular surface mesh, essentially converting the IGES to a STL (Stereolithography) file format, for the two design
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spaces. The STL file format is a simply structured ASCII text file list that contains
the three vertices and surface normal of each triangle (see Table B.1 in Appendix B).
This format is simpler to decode and extract geometrical information from, see Figure
3.3.

Triangular Surface Mesh

Figure 3.3: Proximal femur model converted to STL triangular surface mesh. This
conversion is required to further transform the geometry to the voxel mesh.
A custom pre-processor program was designed using Fortran™ (general purpose programming language suited to scientific computing), which allows for several preparatory
mesh functions required for topology optimization:
3D Meshing
Any three-dimensional CAD part can be converted to a voxel mesh using a
grid size and mesh resolution of the user’s choice. File types supported include
IGES, STL, and CATPART (custom part file for CATIA - a CAD program
suite). Note: IGES and CATPART only support up to 10 million elements
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due to a separately designed tetramesh algorithm, which requires significant
computational resources. The STL algorithm is recommended.
2D Meshing
A two-dimensional model can be meshed directly or a single “slice” can be
extracted from a previous three-dimensional voxel mesh. Similar to threedimensional meshing, grid size and mesh resolution are user-defined.
Boundary Nodes and Element Extraction
A list of the boundary voxel elements between two adjacent design spaces can
be created. It also calculates a list of all shared nodes. This is often useful for
defining kinematic boundary constraints between adjacent design spaces.
The STL meshing algorithm was based upon a free Cartesian grid generator called
CartGen developed by Tavakoli for fluid problems [88]. The algorithm reads the
STL triangular mesh and creates “slices” in predetermined increments along the
Z-axis. Intersection of these slice planes with the surface triangles implies that two
vertices will be above the plane and one vertex below (or vice-versa). By interpolating
between these vertices, the two intersection points with the plane can be calculated.
The intersection points can then be used to create a closed 2D curve on the slice
plane. Once all 2D slice planes are populated, the process repeats with a 1D slice
in predetermined increments along the X-axis. In a similar fashion, the intersection
points with the closed curve are extracted. These 1D lines are then “scanned” in the
voxel space, in predetermined increments along the Y-axis. Once the first intersection
point is reached, the program flags the voxel space as existing. This continues until
the end of the domain, cycling between true and false at each intersection point as
shown in Figure 3.4. The program code was heavily modified to allow the user to
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select the overall fixed grid and constant mesh resolution, as the original program
chose the different values for each axis automatically. Additionally, the output was
modified to incorporate the fixed grid variable tracking system to allow creation of
the voxel mesh file directly.

X-Axis 1D Line Division

Y

Y
X

X

Z

Y-Axis Line Search
and Voxelization

Y

Y
Z-Axis 2D Cut Planes

X

X

Figure 3.4: Three-dimensional Cartesian grid generation algorithm. Completes planar
intersection of STL mesh to create 2D closed surface on the Z-axis cut
planes, then it populates 1D line slices along newly formed planes. Finally,
it completes a 1D line search to determine surface intersect points and
flags the enclosed space as “true” in the voxel mesh.
As mentioned in Section 2.6, the design space reduction algorithm requires a list of
all initially constrained elements to be used as a basis for the load path calculation. The
proximal femur is rigidly constrained in all directions at the cortical bone medullary
cavity cut plane; therefore, all cancellous elements that border the cortical design space
are inherently constrained. The list of constrained boundary voxels were extracted
from the cancellous mesh list using a simple sorting and search code. Using this
pre-program, a micro-finite element model of the cancellous and cortical design spaces
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were constructed using an individual cubic voxel size of 175µm, see Figure 3.5. Cubic
hexahedral elements were utilized as an ordered Cartesian grid structure simplifies
the filtering, optimization, and design space calculations; however, other elements (e.g.
tetrahedral) could also be utilized.

Finite Element Mesh

Figure 3.5: Proximal femur model converted to Cartesian grid finite element voxel
mesh. This finite element mesh consisting of over 20 million voxel elements.

3.3.2

Loading Conditions: Application

A difficult aspect of topology optimization, especially in a three-dimensional problem,
is the proper application of loading conditions. In many commercial FEA software
packages, such as ANSYS™ (a multi-physics FEA suite by ANSYS Inc. [89]), the
ability to select continuous geometrical surfaces is a straightforward procedure even
after finite element meshing because the surface geometry information is retained.
Topology optimization requires the loads to be applied directly to the voxel mesh,
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which consists of jagged, cubic finite elements. As a result, the user is required to apply
loads directly to nodes of the elements. For the femur simulation, this is extremely
difficult due to the enormous number of elements and complex curvular geometry. In
addition, the three directional components must be applied separately and to each
node individually, while maintaining overall magnitude and directionality. The user
must also ensure that only exterior cortical nodes are selected.
To overcome these challenges, an automatic load generation sub-program was
designed using Fortran™ , which allows the user to extract the individual node loading
profiles for the two conditions of walking and stair climbing for any mesh resolution.
The pseudo-algorithm for the program is presented below:
1. Extraction of Exterior Cortical Nodes
The complete cortical nodal list is subjected to several one-dimensional line
searches that effectively determine the exterior nodes. The search begins along
each axis from the origin in the positive direction, in a similar fashion to the 1D
voxelization line search, shown in Figure 3.4. The difference is that the search
terminates at the first (and possibly second for edges) active node, denoting the
exterior. To find the “backside” of the geometry, the same search procedure
occurs at the vertex of the fixed grid furthest from the origin in the negative
direction. Once completed, all exterior cortical nodes are written to a mesh file,
as shown in Figure 3.6.
2. Nodal distances to Pilot Node
The Heller and Bergmann loads [82, 83, 84] for walking and stair climbing are
defined using individual XYZ-components as a percentage of overall bodyweight
acting at specific governing points, which are called pilot nodes. These two pilot
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Hip Contact
Pressure

P0

Extracted Exterior
Cortical Nodes

Figure 3.6: Extracted exterior nodes of the cortical mesh with distributed loadings
applied. The forces are distributed using a linear decay function with the
epicenter receiving the highest individual load. The cut plane at the distal
cortical is assumed to be rigidly fixed.
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nodes represent the epicenter of the hip contact pressures, P0, and location of
the attachment points of the abductor muscles / tendons, P1. The magnitudes of
the Heller and Bergmann loads are summarized in Table 3.3. It should be noted
that only muscle loading at the proximal epiphysis and secondary epiphysis
were considered (i.e. P1 forces were pooled), as consistent with previous studies
[64, 66, 67]. The overall force acting at the pilot node needs to be broken into a
distributed pressure that decays outward from the epicenter. This is completed
by first extracting the XYZ-component distances from the pilot node to each
individual node in the pressure region, which is completed using ANSYS™ .

Walking
Force
(Percentage of Body Weight)
Hip Contact
Abductor
Tensor Fascia Latae, Proximal
Tensor Fascia Latae, Distal

X

Y

Z

-54.0
58.0
7.2
-0.5

-32.8
4.3
11.6
-0.7

-229.2
86.5
13.2
-19.0

X

Y

Z

-59.3
70.1
3.1
-0.2
10.5
-0.5

-60.6
28.8
4.9
-0.3
3.0
-0.8

-236.3
84.9
2.9
-6.5
12.8
-16.8

Acts at Point
P0
P1
P1
P1

Stair Climbing
Force
(Percentage of Body Weight)
Hip Contact
Abductor
Tensor Fascia Latae, Proximal
Tensor Fascia Latae, Distal
Ilio-tibial Tract, Proximal
Ilio-tibial Tract, Distal

Acts at Point
P0
P1
P1
P1
P1
P1

Table 3.3: Peak load profiles during walking and stair climbing for human proximal
femur (adapted from [84]). Location of distributed pressure corresponds to
approximate position in Figure 3.6.
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3. Break force into distributed pressure
A linear pressure distribution was assumed and applied using ratios based on
the distance from the pilot node. The nodes furthest from the pilot nodes have
an effective ratio of 0%, while nodes at the epicenter or pilot nodes have an
effective ratio of 100%. The individual forces were then scaled, such that the
sum of the individual components matched the overall forces and directionality
was maintained.

3.3.3

Cancellous Initialization

The sloth provides an interesting natural experiment with regards to bone growth.
Sloths eat, sleep, and even give birth while hanging from trees; they only frequent
the ground to defecate approximately once per week [90]. While hanging they can
lock their unique curved claws to the branch or trunk, allowing them to sleep in the
tree, even in an inverted position between 15-20 hours each day [90]. Due to this
extraordinary behaviour of limited activity, the sloth has little dynamic compressive
weight-bearing or muscle loading on the proximal femur; as a result, minimal trabecular
orientation occurs shown in Figure 3.7 [91]. In the absence of loading, it appears
that biochemical responses maintain the natural homeostasis of bone; however, the
macro-level anisotropy is not evident due to the absence of large static or dynamic
loading factors [91]. The trabecular structure appears similar in nearly all regions and
almost ring like, which is the basis of the following assumption.
The cancellous design region is populated with an initial trabecular structure of
randomly positioned and orientated tori (three-dimensional rings), with the same
overall bone volume fraction and approximate perimeter as human bone. Since the tori
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Minimal
trabecular orientation

Cross-sectional photograph
of sloth proximal femur

Figure 3.7: The proximal femur of the sloth experiences minimal compressive weight
bearing or muscle loading. Note the nondescript trabecular orientation
and extension of cancellous bone into the diaphysis as a result of these
unique low load conditions (adapted from [91, 92]).
are randomly positioned, the overall macro-level anisotropy will be relatively low and
nearly equal regardless of the sampling region. This eliminates any initial design “bias”,
implying that any resulting anisotropy is due solely to the applied loading conditions.
Thus the initial design resembles the internal sloth femur geometry; however, it should
be noted that other species and even human bone from other regions (e.g. tibia)
can have vastly different architecture (e.g. plate versus rod-like tori structure). The
initialization must be chosen accordingly. The bone volume fraction, BV/TV, utilized
in this study was BV/TV of 0.261, which is based on average femoral head data from
52 donor biopsies using the latest morphometric analysis techniques [93].

Chapter 4
Computational Bone Remodeling:
Results
4.1

Analysis of Femur Architecture

Frederick Ward published the first edition of “Outlines of Human Osteology” in 1838
at age twenty [94]. This pioneering work studied the human skeletal system in detail
and was one of the first that analyzed the internal proximal femur from a structural
standpoint. Ward compared the triangular trabecular alignment in the central neck to
that of a lamp post bracket; a comparison, shown in Figure 4.1(a), that now bears his
name. This novel analysis laid the ground work for future studies by many scientists
and engineers, including Wolff. An updated classification based on Ward’s analysis
of the trabecular architecture consists of four main loading groups: the principal
compressive group (PC), the principal tensile group (PT), the secondary compressive
group (SC), and the secondary tensile group (ST), as shown in Figure 4.1(b) [12, 95].
Additional areas of interest known as Ward’s and Babcock’s triangles are also noted.
68
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PC
PT

Ward's
Triangle

SC

Babcock's
Triangle

ST

(a) Ward’s Original Analysis (adapted from
[12])

(b) Updated Loading groups

Figure 4.1: (a) Ward’s original analysis comparing the tensile and compressive regions
to the architecture of a lamp post bracket (b) Updated schematic diagram
of the human proximal femur depicting important anisotropic regions.
PC, the principal compressive group; PT, the principal tensile group; SC,
the secondary compressive group; ST, the secondary tensile group. The
locations of Ward’s and Babcock’s triangle are also noted (adapted from
[12, 95]).
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The principal compressive group extends from the thick cortical region near the
proximal diaphysis to the exterior of the femoral head, slightly curving toward the apex.
The principal tensile group extends across the proximal cancellous region in an arching
fashion, just below the primary and secondary epiphyses, intersecting the principal
compressive group. The most frequent daily loading activity of walking results in
high compressive loading at the femoral head. To support this force the principal
compressive group develops numerous, thick, column style trabecular structures;
whereas, the principal tensile group develops fewer, more widely spaced trabecular
bone.
The proximal region closest to the medullary canal, a region also known as lesser
trochanter (named after the small cortical protrusion in the same region), contains
two secondary groups. These groups extend from the cortical bone and intersect to
form the intertrochantic arches. The secondary tensile group formation is similar to
the principal tensile group, extending from the lateral cortical diaphysis across the
distal cancellous; however, the number of trabeculae diminishes in the neck region
of the femur (e.g. Region “g” of Ward’s diagram in Figure 4.1(a)). The secondary
compressive group extends from the medial cortical diaphysis towards the secondary
epiphysis, a region also known as the greater trochanter.
Ward’s triangle is the region located in the central neck where trabecular reinforcement is noticeably less than the surrounding areas, see Figure 4.1(b) [91]. The lower
amount of bone material in this region results in large marrow spaces, compared to
surrounding areas, and creates a structural weak area known to be the primary location
of femoral fractures [91, 95]. Babcock’s triangle is created due to the intersection of
the principal compressive and tensile groups at the subcapital region near the base of
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the femoral head. Both of these features are most identifiable in the proximal femur
radiographs.
Building on the work of Ward, Wolff suggested that the principal groups in the
neck region and the secondary groups in the lesser trochanter lead to orthogonal (i.e.
90○ ) intersection patterns, in accordance with cantilever beam theory, as seen in Figure
2.3 [17]. This “trajectory theory” has been the subject of much debate in literature
since the time of Wolff; as several researchers have identified key weaknesses in his
analysis. The main assumption of the analysis was that the unidirectional compressive
loading of the femoral head completely dominates trabecular orientation; in actuality,
the femur is often loaded in multiple directions creating complex loading patterns. For
example, extreme loading cases, such as adduction and abduction, do not align with
the Wolff’s predicted trabecular orientation; thereby, creating large shear forces in the
trabeculae [96]. It is believed these strong shear forces are the basis for non-orthogonal
arch structures evident in the femoral neck [18, 96]. A recent comprehensive analysis
by Skedros et al. of the femoral neck and lesser trochanter arches determined mean
intersection angles of 69 ± 12○ and 92 ± 6○ , respectively [18].

4.2

Simulation Analysis

The computational bone remodeling simulation was completed for a total of four mesh
resolutions: 1000µm, 500µm, 250µm, and 175µm. The “lower” resolution results (e.g.
1000µm) were completed mainly for debugging purposes; although, they were also
utilized to check mesh dependency and overall convergence. The total number of
elements, solution time, and final compliance were analyzed between the different mesh
resolutions and are summarized in Table 4.1. Due to the cubic relationship, doubling
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the mesh resolution (e.g. 500µm to 250µm) for three-dimensional simulations results in
approximately eight times as many elements. The mesh data was analyzed using this
cubic curve fit to estimate the simulation characteristics at the ideal mesh resolution
of 25µm, as well as, the finest mesh resolution achieved for a two-dimensional analysis
(50µm), see Table 4.1.
Distributed computing scaling using ANSYS™ is heavily dependent on the memory
architecture and interconnects utilized (i.e. the communication cables connecting
the multiple computers together). This is suspected to be the “bottleneck” of the
current server. The speedup in ANSYS™ from additional CPUs is known to decrease
significantly beyond four cores for iterative solving methods [97]. The current hardware was fully utilized at 175µm, with RAM and harddrive space being the limiting
factors; nonetheless, even if it were possible to run the simulation to completion the
solving time would be unfeasible. This underlines the future difficulties of nano-level
modeling. A detailed discussion of parallel computing implementations and limitations
are presented in Appendix C.

Mesh Resolution

Maximum Number
of Elements

Solution Time
(Hours)

Final Compliance
(x 10−3 J)

1000µm
500µm
250µm
175µm

118,687
955,674
7,699,283
23,292,720

0.97
6.02
54.6
342.9

526.4
519.8
539.6
542.9

50µm
1.01 Billion*
616.25 Days*
N/A
25µm
8.24 Billion*
16.46 Years*
N/A
* : Estimated values based on curve fit of simulation data
Table 4.1: Computational bone remodeling simulation characteristics for various femur
mesh resolutions
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An analysis of mesh convergence was also performed on the four different mesh
resolutions. It should be noted that this is not a conventional FEA mesh convergence
analysis, which typically refines a continuum geometrical shape into smaller sized
elements (i.e. h-refinement). The bone remodeling simulation initializes with randomly
positioned tori that are scaled according to mesh resolution; therefore, each model is not
geometrically identical. Despite the different starting geometries, the overall objective
function trend between the various resolutions is surprisingly similar, as shown in
Figure 4.2. The maximum deviation is less than 8% (between 1000µm and 500µm
at iteration 1), while the average deviation is approximately 3.3%. A convergence
criterion was not explicitly enforced for the high resolution femur simulations; however,
through analysis of the lower resolution simulations, it was determined that 10 DSO
iterations with 3 inner iterations gave the best tradeoff between performance and
computing time. After 20 iterations, the compliance remained within a 6% range of
530 x 10−3 J for the final 10 iterations, reasonably ensuring convergence. Although, the
various mesh resolutions numerically-predicted the same overall stiffness, the internal
trabecular structure can only be visualization accurately at higher resolutions.
While the 1000µm and 500µm are considered low resolution models for bone
remodeling, they still represent a great number of elements for an FEA with nearly
one million used for 500µm. As mentioned in Section 2.3, as the mesh is refined
the solution will begin to approach the exact solution; additionally, increasing the
order of the polynomial shape function (p-refinement) also increases accuracy. This
boost of accuracy requires a significant increase in the number of nodes, resulting in
a longer solving time. A study was performed at 500µm to determine the effect of
p-refinement on the simulation results. A convergence comparison between simulations
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Figure 4.2: Objective function convergence for various femur mesh resolutions
utilizing linear and quadratic hexahedral elements (SOLID45 and SOLID95 in ANSYS™ ,
respectively [97]) for the same 500µm mesh is shown in Figure 4.3. The additional
time required for solving the quadratic elements was approximately 35-45%, while
the compliance difference averaged less than 1%. A visual comparison of numericallypredicted geometries revealed essentially identical structures; as a result, this provided
justification that all further simulations should be completed using linear hexahedral
elements. The small solution deviation is likely due to the ideal simulation conditions:
perfect mesh shape (cubic voxels) and low element distortion (small displacements)
that were present in this model. Poor element aspect ratio and distortion can often
lead to very unreliable results; especially, when utilizing linear elements [46].
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Figure 4.3: Objective function convergence for 500µm femur mesh resolution: linear
versus quadratic elements. Identical initial meshes were used and the
average strain energy difference is less than 1% throughout the simulation.
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Qualitative Analysis

Every human has very unique, individual anatomy; therefore, it is not surprising that
both the internal and external femur geometries vary greatly from person to person. A
recent morphometric cancellous bone analysis studied biopsies from 52 donors in the
femoral head and found the mean BV/TV of 0.261 ± 0.078 with the samples ranging
from 0.118 to 0.481 [93]. These values show the large variation between individuals;
as a result, when comparing femur results qualitatively it is important to realize that
identical geometries can never be obtained. The qualitative analysis must focus on
average trends and patterns in the geometries, which are common to the vast majority.
Several different methods, comparison femur samples, and data sources were utilized
to complete an unbiased analysis of the computational simulation results. The results
were visualized exclusively using the 175µm results with the techniques discussed in
Appendix B.4.

Cross-sectional Slices
The numerically-predicted cancellous femur geometry, with the cortical removed,
is shown below in Figure 4.4(a). The numerous column style structures in the
femoral head are immediately evident; as well as, the intertrochanteric arches in the
trochanter region. A front view of the femoral head, see Figure 4.4(b), reveals the
dominant vertical directionality of the numerous column-like trabeculae with some
radial connectivity near the extremities.
The complete femur was sliced via the coronal plane along the midsection of
the femoral head and compared to a human femur cross-section, see Figure 4.5 [98].
There is significant similarity between the four main loading groups, particularly the

CHAPTER 4. COMPUTATIONAL BONE REMODELING: RESULTS

77

a)

Front View

b)

Figure 4.4: Computational simulation results for 175µm resolution femur model
adapted to daily loading conditions of walking and stair climbing. (a)
The complete cancellous design space (cortical removed) shows a high
degree of anisotropy throughout. (b) A front view of the femoral head
with numerous column style structures and radial connectivity at the
extremities.
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principal compressive and tensile groups. These regions show high levels of anisotropy
developing in accordance with the loading conditions. The intertrochanteric arches,
formed by the secondary loading groups, are also visible. The central neck / Ward’s
triangle in both femurs show less bone material; however, the trabeculae geometry
is slightly different. The overall thickness of individual trabeculae remains relatively
constant but widely spaced in the human femur; whereas, the simulation has noticeably
smaller and tightly packed trabeculae in this region.

Radiography
A novel simulated radiograph visualization allowed easier comparison of the main
trabecular trajectories and the overall bone density distribution, as described in
Appendix B.4. Figure 4.6 shows the qualitative comparison of the final trabecular
architecture, with Wolff’s two-dimensional trajectory analysis, and a proximal femur
radiograph. Similarly to the cross-sectional analysis, agreement with Wolff’s hypothesized trajectories is observed in the four main loading groups; particularly, between
the principal compressive and tensile areas.
Measurement of the simulation arch angles in the neck region reveals an average
range from 84 − 90○ . This is close to the orthogonal (i.e. 90○ ) arches that Wolff
predicted but slightly higher than Skedros’ analysis of 69 ± 12○ . The intertrochanteric
arches in Wolff’s diagram are nearly symmetrical about the centerline of the cortical
diaphysis, producing orthogonal intersections. Conversely, the simulated and actual
radiograph femurs show a slight bias in the trabecular structure about the lateral
cortical wall, producing asymmetric arches. Thicker, densely packed trabeculae appear
in this lateral region, with well defined arches being produced at the intersections. The
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(a) Human femur cross-section (adapted from [98])

(b) Simulation cross-section

Figure 4.5: Cross-sectional comparison of the trabecular architecture in the human
proximal femur between: (a) a human femur and (b) the final computational design space topology optimization simulation results. Note the
agreement in directionality of the four anisotropic loading groups and
reduced bone material in Ward’s triangle.
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simulated angles of intertrochanteric arches are approximately orthogonal revealing an
average range of 85 − 90○ . This follow both Wolff’s orthogonal prediction and Skedros’
analysis, which determined mean angles of 92 ± 6○ .
Qualitatively comparing the bone density distribution of the two radiographs
reveals several regions of agreement. The location of highest bone density can be
visually observed as the brightest areas on the radiographs. These locations are clearly
defined on both the simulated and actual radiographs in the femoral head and the
greater trochanter regions. Similarly, the lowest observed densities are observed in
the central neck / Ward’s triangle and the lesser trochanter. A correlation was noted
between the principal loading groups and overall bone densities. Wolff shows very
tightly packed stress trajectories in the principal compressive group at the lower neck
region; similarly, the principal tensile group also shows this tight packing at the lateral
cortical wall. These areas represent the most tightly spaced stress trajectories and in
accordance with structural optimization theory; that is, these areas appear to attract
more mass, increasing mechanical efficiency.

Computed Tomography
One of the advantages of the isosurface visualization is the ability to extract “slices”
of data, which produces images that are very similar to computed tomography (CT)
scans. A CT scan is similar to conventional radiography; however, several different
X-ray beams are emitted axially, while the detectors follow a spiral path [99]. These
varying levels of X-rays allow both soft tissue and bone to be analyzed. A single
image slice can then be extracted, thereby, eliminating the layered effect of traditional
two-dimensional radiography, which inherently includes cortical bone [99]. Several
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(a) Wolff’s trajectory analysis (adapted from
[16, 18])
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(b) Femur radiograph (adapted from [18])

(c) Simulated femur radiograph

Figure 4.6: Comparison of the trabecular architecture in the human proximal femur
between: (a) Wolff’s original analytical trajectory analysis (b) a human
proximal femur radiograph, and (c) a simulated radiograph based on the
final computational results. Similarities are visible in the orientation of
the trabecular patterns, the locations of highest bone volume fraction
(femoral head), and the lowest bone volume fraction (central neck known
as Ward’s triangle).
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transverse and coronal CT slices obtained from the literature were directly compared
to the simulation results [100, 101]. The simulated femur had several “virtual” CT
scans in locations similar to the literature, as shown in Figure 4.7. Four CT slices
were extracted: three about the transverse (XY) plane labeled low, mid, and high and
one about the median coronal (XZ) plane.

Head

High
Mid

Trochanter
DXA Neck
Ward's /
CT Neck

Low

Z
Y
X
Figure 4.7: Representation of the proximal femur CT analysis areas. The bone volume fraction (BV/TV) was calculated in the four volumes of interest
(VOI), highlighted in red: the head, central neck (unique DXA and CT
versions), and greater trochanter, respectively. Additionally, CT images
were obtained about the transverse (XY) plane at approximately 10mm
increments labeled–low, mid, and high, respectively– and a single slice
about the center coronal (XZ) plane was also obtained.
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A recent study by Bauer et al. utilized CT analysis to predict the biomechanical
strength of the proximal femur [100]. Several proximal femur specimens (n=119)
were analyzed in various locations with a representative set of healthy femur CT
slices shown in Figure 4.8(a). The CT images were binarized, defining which pixels
are trabecular bone and which are marrow, according to a specific hydroxyapatite
threshold of 200g/cm3 [100]. The author presents a caveat about the CT resolution;
“due to the limited spatial resolution, partial volume effects limit the depiction of the
true trabecular structure” [100]. Nonetheless, the images still provide a reasonable
method of overall trends in bone distribution and directionality. The high transverse
femoral head slice shows agreement of the location of maximum bone mass; however,
the direction of the simulated results is not predominantly radial, as in the human
femur. Areas of decreased bone mass, the narrow central neck and the top of the
trochanter regions, are similar in both femurs. The low transverse trochanter slice has
significant agreement of bone density distribution, which reveals maximum bone at
the medial / lateral extremes and minimum bone in the center region matching the
simulated results. The directionality in the simulated femur is aligned with the coronal
plane; conversely, the human femur has no easily identifiable pattern. Finally, the
coronal slice reveals an extremely high level of agreement in terms of directionality and
bone distribution, with all regions showing clear similarities. Bone distribution in the
central neck is noticeably absent, as expected, except where the principal compressive
group begins at the cortical boundary.
A proposed high resolution micro-CT system for medical imaging was recently
developed and tested by Baruffaldi et al. [101]. The system had a pixel resolution
of 22.5µm, in contrast to conventional medical CT scanners that typically range
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(a) Computed Tomography Slices (adapted from [100])
High: Femoral Head

Low: Trochanter

Transverse Sections

Coronal Section

(b) Modified Binary Results with Regions of Interests Highlighted (adapted from [100])

(c) Simulated Computer Tomography

Figure 4.8: Conventional multi-slice spiral CT images obtained from a healthy human
proximal femur were compared to the final trabecular architecture obtained
from the computational simulation results. (a) CT images of a healthy
femur were obtained for the high and low transverse (trochanter and
femoral head) and coronal sections (the locations depicted in Figure 4.7)
(b) The images were then binarized to allow for the evaluation of three
regions of interest: the femoral head, trochanter, and neck (left-to-right,
respectively). (c) The corresponding simulated CT images from the
computational simulation results.
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from 500-1000µm [101]. The researchers tested the system on the proximal femur,
producing the high resolution transverse section shown in Figure 4.9(a). The overall
bone distribution agrees with the simulated femur results with several areas showing
easily identifiable trends. The femoral head shows the maximum bone stock, just
before the neck region, with less material at the head extremities. The central neck
region again shows a large void of material. The simulated femoral head trabeculae
reveals a slightly radial directionality and the trochanter shows a dominant coronal
aligned trabeculae; both in agreement with the micro-CT scan.

4.4

Quantitative Analysis

As previously mentioned, the variation in human anatomy required the qualitative
analysis to be focused primarily on average trends and patterns. For quantitative
analyzes this variation must be addressed by utilizing large samples and data sets,
while performing due diligence on data interpretation using statistical analysis. The
quantitative analysis of the simulated femur geometry was completed by analyzing the
resulting structural efficiency, via strain energy and stress measures, and by comparing
the measured bone material distributions.

Stress Reduction
The optimization algorithm does not consider any type of stress in terms of the
objective or constraint functions; nonetheless, the simulation results reveal an overall
decrease in stress throughout the complete femur. The average Von Mises stress was
calculated at each element and averaged in the coronal plane for visualization purposes,
since this is parallel with the largest loading direction, as shown in Figure 4.10. While
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Mid
Transverse Section
(a) High resolution Micro-Computed Tomography Slice (adapted from [101])

(b) Simulated Computed Tomography

Figure 4.9: High-resolution micro-CT images obtained from a healthy human proximal
femur were compared to the final trabecular architecture obtained from the
computational simulation results. (a) micro-CT image of a healthy femur
for the mid transverse section (the location is depicted in Figure 4.7) (b)
The corresponding simulated CT image from the computational simulation
results. Both images reveal the majority of bone mineral content at the
core femoral head; as well as, a large lack of bone mineral content in the
central neck region.
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Von Mises is not necessarily the best measure of stress for structural analysis purposes,
it is a convenient scalar measurement of stress in a finite element; as a result, it is
suitable for comparison purposes. Substantial decreases are visible throughout the
cancellous and proximal cortical domains, especially in the neck and head regions.
The distal cortical remains relatively unchanged; however, it should be noted that a
stress concentration will occur at the distal cut plane due to constrained boundary
conditions. The total global reduction and mean elemental reduction in Von Mises
stress was 14.6% and 27.8%, respectively.

Average Elemental Von Mises Stress [MPa]
Initial

Final

Figure 4.10: Von Mises stress reduction between initial and optimized femur geometry
averaged about the coronal plane.

Strain Energy Distribution
The strain energy of the initial isotropic structure varies greatly between specific regions and individual finite elements. As the adaption process progressed the
global strain energy of the femur decreased (previously shown in Figure 4.2) and
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it simultaneously achieved a more uniform strain energy distribution, as shown in
Figure 4.11. The total percentage reduction of the elemental mean strain energy,
µSE , and standard deviation, σSE , were 35.3% and 41.5%, respectively. It should be
noted that this analysis was completed to highlight the variability only, it is not a
comprehensive statistical analysis. The overall reduction of global strain energy was
26.8%. A uniform strain energy distribution implies that each constituent element is
being used equally to support the load, which will result in a fully stressed structure.
This supports the theory the proximal femur is a naturally optimum structure with
maximum mechanical efficiency.

Elemental Strain Energy (x 10-5 J)
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Figure 4.11: Reduction in mean strain energy and variation during computational bone
remodeling simulation. The total percentage reduction of the elemental
mean strain energy, µSE , and standard deviation, σSE , were 35.3% and
41.5%, respectively.
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Bone Mineral Density and Morphometric Parameters
One of the more recent and cost effective technologies for analyzing bone’s density
distribution in a quantitative method is Dual energy X-ray absorptiometry (DXA,
formerly DEXA). DXA is a type of radiography that works by utilizing two distinct
energy excitation peaks. These rays are absorbed by different types of tissues: the low
energy ray is absorbed predominately by soft tissue, while the other is absorbed by
bone and the soft tissue. The two different scans are subtracted from each other leaving
only the patient’s bone [102]. The bone mineral density (BMD) can be determined
directly from a DXA scan and is its primary function; as a result, it is often called a
bone mineral density scan.
BMD can be calculated from DXA or, more recently, quantitative-CT scans. DXA
BMD is an areal measurement of bone density derived from the two-dimensional
radiography image; therefore, it is not an actual measurement of bone density (e.g.
mass / volume). Conversely, the CT BMD measure is a true three-dimensional
measurement of bone mineral per unit volume. The measurement units for DXA BMD
and CT BMD are g/cm2 and mg/cm3 , respectively. BMD, particularly using the
DXA method, is the gold standard for diagnosis and monitoring the advancement of
osteoporosis [102]. However, this technique is somewhat limited, as it can only predict
the relative risk of fracture based on the expected values calculated from population
statistics. Additionally, it is not applicable to some patients who have deformities or
have had previous surgeries due to significant changes in bone structure [102].
Morphometric analysis provides detailed structural information of cancellous bone
via morphological indices including: bone volume fraction (BV/TV), surface density (BS/TV), trabecular thickness (Tb.Th), and trabecular spacing (Tb.Sp). These
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three-dimensional indices were originally derived from two-dimensional imagery using
stereological methods and assumptions on structure type (e.g. plate vs. rod trabeculae connectivity). The advent of high-resolution three-dimensional measurement
techniques, such as micro-CT, allows the direct measurement and visualization of a
particular cancellous bone region, eliminating this estimation error [93]. Combinations
of BMD and morphometric indices have been proven to provide the most accurate
prediction of femoral bone strength [100, 103, 104].
The BV/TV index was calculated at several volumes of interest (VOI) for the
simulated femur, as shown in Figure 4.7. A limitation of DXA, as with all twodimensional radiographs, is that it inherently includes the cortical bone. In order
to give a fair comparison to DXA BMD scans, the BV/TV was calculated across
the cortical and cancellous bone for the head, neck, Ward’s triangle, and trochanter
regions. Inclusion of the cortical bone attempts to emulate the behaviour of the
DXA scan; nonetheless, only a relative comparison between DXA and BV/TV can be
completed as the units and precise measurement technique are dissimilar. The DXA
BMD comparison, shown in Table 4.2, consists of four separate studies with varying
sample sizes and includes the relative ratios between measurements in the different
regions.
The relative ratios of the following regions were analyzed for the simulated femur
and compared to the mean values of the four studies (where applicable): necktrochanter, over estimation of 11%, trochanter-Ward’s triangle, over estimation of 30%,
and neck-Ward’s triangle, over estimation of 43%. While some of these discrepancies
seem quite high, there are two key points to remember: the standard deviation in
the literature range from ±22-37% and the simulation results are based on a single
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Femur
Location

Simulation
BV/TV
(Full)

Issever [105] Link [104]
BMD
BMD
(g/cm2 )
(g/cm2 )
[n=36]
[n=31]

Bauer [100] Huber [106]
BMD
BMD
(g/cm2 )
(g/cm2 )
[n=119]
[n=178]

Head
Neck (DXA)
Ward’s
Trochanter

0.440
0.437
0.215
0.369

N/A
0.63 ± 0.14
0.43 ± 0.14
0.58 ± 0.13

N/A
N/A
0.72 ± 0.18 0.68
0.53 ± 0.20 N/A
0.69 ± 0.20 0.63

N/A
0.707 ± 0.178
N/A
0.665 ± 0.178

Ratio (N-T)
Ratio (T-W)
Ratio (N-W)

1.18:1
1.72:1
2.03:1

1.08:1
1.34:1
1.47:1

1.04:1
1.30:1
1.36:1

1.06:1
N/A
N/A

1.08:1
N/A
N/A

Table 4.2: Comparison of simulated cross-section bone volume fraction (BV/TV) to
DXA bone mineral density (BMD) analyses, as well as, relative ratio’s
between Neck (N), Ward’s (W), and Trochanter (T) regions.
data set. Even the neck-Ward’s triangle ratio is within the statistical standard
deviation; however, a possible interpretation is that an underestimation of material at
Ward’s triangle is present in the simulated femur. If the BV/TV of Ward’s triangle
was approximately 28% higher (BV /T VW ARD = 0.275) the corresponding ratios of
trochanter and neck to Ward’s triangle would change to 1.34:1 and 1.59:1, respectively,
putting the current results in agreement with the literature.
It should be noted that the International Committee for Standards in Bone
Measurement standardized the BMD procedures using DXA in 1996. The main
recommendation is that total proximal femur region should be used, as opposed to other
subregions [107]. Several studies have shown that variation in the neck and Ward’s
triangle regions is substantially higher than other regions; additionally, use of the total
femur measurement eliminates the slight variation in regional position among DXA
machines from different manufacturers [107, 108, 109]. The high variation between
regions, as evident by the high standard deviation among the sample populations, is
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also a possible factor in the simulation discrepancy.
The final quantitative analysis focused on direct three-dimensional morphometric
indices and quantitative-CT BMD, which were compared to the simulated femur. In
contrast to DXA BMD, CT BMD and morphometric analyzes can measure specific
VOI; therefore, eliminating any measurement of cortical bone. The VOI for the
morphometric and CT BMD are in slightly different locations; specifically, the neck
region. As shown in Figure 4.7, the DXA Neck region is perpendicular to the femoral
head angle, located at the narrow section, and extends to include the cortical bone.
Conversely, the CT Neck position is essentially identical to the location of Ward’s
triangle in the DXA analysis; that is, more central and square in shape.
A literature search revealed limited studies performing quantitative micro-CT in
the different VOI in the proximal femur. It has been demonstrated that a “strong
dependency on the resolution for structural indices and that, if very accurate results
are required, only the highest resolution will predict accurate values” [110]. Studies
have shown that lower resolution CT scans produce higher estimates of BV/TV; as a
result, some BV/TV measurements using conventional CT are labeled apparent bone
fraction (app. BF). Therefore, as with DXA BMD, any comparison is strictly relative.
The CT VOI comparison, shown in Table 4.3, consists of two separate studies and
includes the relative ratios between measurements in the different regions shown in
Figure 4.7.
The relative ratios of the following regions were analyzed and compared to the mean
values of the two studies: head-neck, under estimation of less than 1%, neck-trochanter,
under estimation of 55%, and head-trochanter, under estimation of 56%. In sharp contrast to the DXA study, it can be seen that the relative amount of trochanter material
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Femur
Volume of
Interest
(VOI)

Simulation Huber [106] Buam [103]
BV/TV
CT BMD
BV/TV
(VOI Only) (mg/cm3 )
(app. BF)
[n=178]
[n=187]

Head
Neck (CT)
Trochanter

0.323
0.061
0.217

224 ± 60.4
43.5 ± 52.4
74.6 ± 45.3

0.55 ± 0.14
0.10 ± 0.09
0.15 ± 0.10

Ratio (H-N)
Ratio (N-T)
Ratio (H-T)

5.30:1
0.28:1
1.49:1

5.15:1
0.58:1
3.00:1

5.50:1
0.67:1
3.67:1
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Table 4.3: Comparison of relative bone volume fraction (BV/TV) and bone mineral
density (BMD) between the simulated femur and CT analyses.
is significantly higher, almost double the values of the two studies. If the BV/TV of
trochanter was approximately half of its current value (BV /T VT ROCHAN T ER = 0.10)
the corresponding changes to the ratios of the head and neck to the trochanter would
be 0.61:1 and 3.23:1, respectively, putting the current results in agreement with the
literature. Nonetheless, the standard deviations of the literature measurements reveal
very large variation, even greater than the DXA measurements. The comparison is
further complicated since the head region is the only simulation measurement outside
the expected standard deviation.

4.5

Discussion

A large-scale three-dimensional computational bone remodeling simulation utilizing
the DSO method was successfully completed at several mesh resolutions. Mesh
convergence was achieved at nearly all resolutions with linear elements due to the large
number of elements employed. For completeness, higher order polynomial elements
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were also tested but produced no significant difference in the final solution.
Qualitative analysis of the predicted femur architecture was completed using
a variety of human femurs and visualization techniques, such as: cross-sectional,
radiograph, and CT imagery. Overall, good agreement in the directionality of the
trabeculae was noted in all areas. The distal intersections angles were nearly orthogonal
with an approximate 4○ difference compared to Skedros et al. analysis but within the
statistical deviation they predicted. The central neck intersections angles were larger
by approximately 19○ on average [18]. Bone distribution, as visible in the radiographs
and CT scans, revealed clear trends with the highest bone material in the femoral
head and the lowest in the central neck. However, two main limitations of the analysis
were identified: the size and spacing of the trabeculae were too large and the femoral
neck trabecular intersection angles were predominately orthogonal.
The average size of trabeculae in the human proximal femur is approximately
200µm; however, to accurately model this architecture a mesh resolution of 25-50µm
is required, resulting in several billion finite elements. This “cellular” model of the
proximal femur is extremely difficult to solve with the computing resources available;
as a result, the maximum resolution possible was limited to 175µm. Nonetheless, the
effect of a lower mesh resolution on the overall trabecular orientation is negligible; the
four main loading groups described by Wolff and Ward were still achieved. Verhulp
et al. quantified the differences in stress and strain between macro and micro-level
finite element models of the same bone [72]. They discovered that despite the coarser
resolution the overall distribution of stress and strain remained similar. Conversely,
the mesh resolution and bone volume fraction have a significant impact on creation of
physiologically accurate trabecular size and spacing, which was partially achieved.
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Quantitative analysis of the femur geometry was completed by analyzing the
resulting structural efficiency, via strain energy and stress, and comparing the measured bone density distribution compared to DXA and CT BMD and morphometric
parameters. The average elemental strain energy and stresses in the cancellous bone
were reduced 26.8% and 14.6%, respectively. The converged reduction in global strain
energy, coupled with a more uniform distribution, are indications that the cancellous
bone has obtained a maximum mechanical efficiency. The bone density distribution,
as measured in the femur simulation using the morphological BV/TV, presented
several challenges and difficult interpretations. BMD measurements via DXA and CT
have been shown to have low precision errors (less than 5%); however, the structure
of bone varies significantly from person-to-person. As evident in the literature, the
standard deviations varied from 22% to over 120%. In addition, comparing the results
to BMD measurements can only be achieved in a relative fashion due to dissimilar
units and differences in technique. It would be ideal to have an “apples to apples”
morphometric parameter comparison; however, micro-CT must be utilized to depict
the true trabecular structure and indices. A detailed literature review revealed no
studies that performed micro-CT in various proximal femur regions on humans, with
the exception of a study by Hildebrand et al. [93], which only measured the BV/TV
in the femoral head region. Nonetheless, the comparison of relative ratios of BV/TV
to the literature revealed the same progression of highest-to-lowest bone material by
region. Unfortunately, the main difficulty in interpretation arises from the conflicting
two-dimensional DXA BMD, the three-dimensional CT BMD and BV/TV measures,
which seemingly point out different areas of over/underestimated bone mass.
These discrepancies in the quantitative comparison of intersection angles and
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morphological parameters suggest that the model could be enhanced by including
additional multi-directional loading cases. The non-orthogonal arches in the neck did
not appear in the simulation, as these non-orthogonal angles are attributed to large
shear strains caused by various extreme loading conditions, which were not considered
in the simulation. It is also probable that the extreme loading conditions, caused by
oblique loading at the limits of joint excursion, would result in more trabeculae in the
femoral head at these outermost contact regions; thereby, increasing the bone content
in the head while possibly decreasing the trochanter. This would align the regional
BV/TV simulation values with those from the CT studies. Additional inclusion of
accurate three-dimensional loadings for extreme ranges of motion should be included
in the future; however, this would represent a significantly increased computational
cost.
In conclusion, the computational bone remodeling simulation has provided additional qualitative and quantitative evidence to support Wolff’s Law’s of Bone
Remodeling. The structural optimization technique of DSO was applied to the cancellous bone design space and resulted in the adaptation of the trabeculae, which
reoriented to align with the principal stress directions. However, despite Wolff’s Law
accurate prediction of trabecular architecture and bone density layout, as supported
by the simulation, this does not prove causation but rather correlation. While it is
proven that the trabeculae adapt to external loading conditions; the precise purpose
remains unknown. For example, is the purpose of adaptation a reduction in required
cancellous bone mass while providing adequate marrow spacing or is it to reduce
stresses that cause micro-fractures, thereby reducing the rate of bone turnover to
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conserve energy? Regardless of causation, the computational bone remodeling simulation achieved maximum mechanical efficiency by reorganizing material in the areas of
highest loading, maximizing the strength to weight ratio. This is further confirmation
that the internal bone structure of the proximal femur is a naturally optimum structure
as Wolff hypothesized and that the DSO method accurately predicts its adaptation to
the applied external loading conditions.

Chapter 5
In-silico Hip Replacement:
Method
5.1

Literature Review

Application of the Finite Element Method (FEM) for orthopaedics was first conducted
in 1972, as a new method to estimate bone strength; however, this novel research was
quickly adopted for the growing interest in artificial prosthetic joint replacement [111].
The complex geometries and material properties of bone and the composite structure of
the cemented joint prosthesis were difficult to analyze using classic analytical methods.
Application of the recently developed FEM would hopefully provide valuable insight
to these complexities.
FEM was first applied for joint replacement using a femoral hip prosthesis in the
late 1970s [111]. The first decade of work focused on method instead of problem specific
solutions. The limited computing power available meant lower mesh resolutions and
geometrical / material simplifications. Nonetheless, these pioneering studies created
98
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numerical frameworks to deal with these limitations and provided valuable insight
into the relative effects of changing the implant stem shape, material properties, and
thickness of the bone cement (the preferred fixation method at the time). Over the
course of the first decade, two-dimensional models dominated; however, to increase
realism some low resolution three-dimensional models and axis-symmetrical models
were created with up to several hundred elements (impressive considering the computing
power available; not to mention coding the FEM from scratch) [111]. A study by
Ducheyne et al. [112] was the first to analyze the influence of “bone ingrowth” into
porous coated prosthetic implants using a thin layer of two-dimensional elements
around the stem and varying the elastic modulus. The goal was to determine if the
porous layer material properties had an effect on bone interfacial shear stresses.
Work continued throughout the 1980s with two-dimensional and axis-symmetric
models slowly replaced by three-dimensional models for stress analysis [113]. The late
1980s and early 1990s saw the introduction of bone remodeling applied to prosthesis
design. The pioneering work by Huiskes and Weinans [62] analyzed the effects of
stress-shielding and bone osteolysis for simplified two-dimensional column geometry.
The study determined that implant rigidity and bonding characteristics were two
important governing factors for remodeling. A two-dimensional study that utilized
accurate two-dimensional femur geometry and different implant designs was completed
by Orr, Beaupré, and Carter [114]. The first anatomically correct three-dimensional
femur model complete with hip prosthesis was completed by Huiskes et al. [115]
based on a refinement of their initial study. In order to validate their adaptive bone
remodeling algorithm, they completed an additional study that directly compared
bone density distribution between the computer simulation and animal experiments
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[116, 117]. The simulation results corresponded when average bone densities were
compared; however, they noted that the distal bone densities were significantly overestimated in the simulation [116]. They conceded that there were several limitations
due to geometric and loading simplifications; nonetheless, this was an important
breakthrough in computational bone remodeling, which garnered the European Society
of Biomechanics research award in 1992 [117].
In the past decade, computational simulations considering hip replacements have
seen higher mesh resolutions and non-linear material models. A voxel-based finite
element approach was first utilized by Weinans et al. [118]. The simulation used
a canine femur and prosthesis geometry to compare three different implant stem
material types: cobalt-chrome, titanium, and a low stiffness composite. This research
also proposed the “stress-shielding signal”; a quantitative measurement of the preand post-operation change in strain energy in a particular region. Fernandes et al.
[119] developed a bone remodeling algorithm that determined bone ingrowth at the
implant-bone interface by considering surface contact conditions. Three different levels
of porous coating were tested, each assuming that uncoated sections were frictionless.
If a certain displacement threshold was breached at the local interface, this constituted
a “micro-motion”, which implied that biological fixation had not occurred [119]. The
femur model itself consisted of fewer elements than previous studies; however, this was
mainly due to the inclusion of non-linear orthotropic material properties and contact
conditions. Recently, a topology optimization based approach for hip implant design
was completed, which utilized non-linear FEA to determine the optimal material
distribution of a constant stem implant design domain; however, bone remodeling was
not considered [120].
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Method
Introduction

This study represents the first in-silico computational hip replacement simulation
considering micro-finite element bone remodeling. This in-silico hip replacement
was performed using two different prosthetic implant stem geometries, based on
commercially available designs. The changes in bone density distribution, stress, and
strain energy were analyzed at the bone-implant interface regions to quantify the preand post-operation changes.

5.2.2

Hip Replacement Modeling: Femur and Prostheses

Two porous-coated prosthetic implant geometries based on commercial models designed
by Zimmer Inc. were chosen for the femur simulation. The main reason behind these
choices include the availability of important information: implant specifications and
dimensions, surgical installation manuals, and several long-term performance studies.
This allowed accurate geometries to be created using CAD software and proper
simulation of the femoral neck osteotomy.
The two models chosen were the Zimmer Alloclassic® and Mayo® Conservative hip
replacement, see Figure 5.1 [44, 45]. The Alloclassic® system, was introduced to the
global market in 1986, and has had good long-term success; making it one of the most
widely used hip prosthetic implants [121]. It consists of a rectangular cross-section,
tapered stem geometry; the purpose is to provide immediate distal fixation and good
rotational stability. The surface is grit-blasted, making it a completely porous coated
implant to facilitate secondary fixation via bone ingrowth. The Mayo® system is a
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conservative hip design; the main features being a smaller form factor with multi-point
fixation to minimize bone loss and allow minimal invasive surgery [122]. The overall
stem length is approximately 35% shorter than a conventional prosthesis. The unique
double-tapered, wedge geometry is designed to provide immediate fixation via an
interference fix. The short distal stem contacts the cortical portion for additional
stability. In contrast to the Alloclassic® , the Mayo® only has a porous-coating in the
proximal and mid regions. As previously mentioned, the geometries were modeled in
CAD software using the available implant dimensions [44, 45]; however, it should be
noted that some dimensions needed to be estimated.
a)

b)

c)

Figure 5.1: a) In-silico hip replacement performed using CAD software. Femoral
head removed and prosthetic implant stems inserted according to surgical
installation manuals. b) Zimmer Alloclassic® design c) Zimmer Mayo®
Conservative design
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Framework Modifications and Assumptions

The bone remodeling algorithm itself remains unchanged for the in-silico hip replacement; however, the following changes to the framework were implemented:
Prosthesis Design Space
The prosthesis design space is handled in a similar fashion to the cortical design
space. The locations, strain energy, and stresses are all stored; however, density
remains constant. Both node creation and meshing is modified; such that, the
cortical and prosthesis are modeled first. This allows the mesh files to be reused
by ANSYS™ on subsequent iterations as the numbering remains constant. Both
prosthetic implants are made of a medical grade titanium alloy; for consistency,
both were assumed to be constructed of Ti-6Al-V titanium with a Young’s
Modulus of 110GPa and to be fully porous-coated.
Post-osteotomy femoral design space
The femur geometry was extended to 175mm; this allowed the both prosthetic
implants to be completely modeled. Unfortunately, due to computing limitations
it was impossible to complete the simulation at the previously utilized 175µm
resolution; as a result, the resolution was reduced to 250µm. A revised femur
simulation with the new extended geometry was completed and used as the
pre-operation starting point. The cancellous and cortical design spaces were
then modified to simulate the geometry of a post-osteotomy femur. The insilico removal of the femoral head was conducted based on the recommended cut
locations and angles outlined in the surgical techniques [44, 45]. For this analysis,
it is assumed that a “perfect” installation is performed and only cancellous bone
displaced by the implant geometry is removed.
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Initialization
The final adapted trabecular bone architecture is obtained from the pre-operation
femur geometry and used as the initial starting point. All cancellous elements that
were not removed during the simulated osteotomy and prosthesis installation
are utilized. The initial bone mass, M0 , and perimeter, P0 , constraints are
recalculated based on this new starting geometry.
Loading
The loading conditions remain unchanged from the previous simulation; however,
the hip contact force is distributed over the prosthetic implant stem’s neck. This
simulates the transfer of load from the synthetic femoral head, which is not
modeled. In addition, a very small portion of the greater trochanter, where the
abductor muscle forces act, was removed; due to the minimal change and in the
interest of consistency, the same magnitude load was applied over the surviving
elements.
The main assumption of the in-silico hip replacement bone remodeling simulation is
that biological fixation is immediate after surgery. The computational model assumes
the bone-implant interface to be fully bonded. This technique has been shown to
be “a correct approach if one considers complete bone ingrowth in the coated zones,
and consequently, the interface bone layer supports both shear and traction without
failure” [120]. Furthermore, in this recent study by Fraldi et al. [120], a non-linear
analysis optimized the mass distribution of a prosthesis considering varying levels
of friction: zero friction, intermediate, and full friction (fully bonded) and revealed
little impact on the optimization results and stress distributions in the model [120].
Fernandes et al. [119], in a similar study, also reported a low influence of friction on
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simulated bone remodeling, which modeled the ingrowth using micro-motions at the
bone-implant interface. Therefore, in the current study it is assumed that the final
optimized geometry will be similar to models utilizing friction, even if perfect fully
bonded contact is assumed.

Chapter 6
In-silico Hip Replacement: Results
6.1

Analysis of Femoral Loosening

Establishing the immediate post-operation success of a THR is a historically difficult
task; nonetheless, throughout the evolution of THR the main factor determining
success has never changed: the patient. In the late 1940s, acrylic prosthesis hip
replacements were being performed at Hôpital Cochin in Paris, France with over
600 being performed by 1954 [123]. The surgeons, D’Aubigné and Postel, completed
comprehensive follow-up studies with patients and were the first to devise “functional
grading of the hip”. This system is essentially a Quality Function Deployment1 (QFD),
which assigns a hip quality score based on three main criteria: pain, mobility, and
the ability to walk [123]. They used the quantified pre- and post-operation scores to
determine the relative success of the hip replacement. Charnley, the father of lowfriction replacement, conceded that the numbering system “has obvious limitations.
1

QFD was not formally created until the 1960s; however, various aspects of QFD are present in
D’Aubigné and Postel’s analysis
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Nevertheless, long experience has increased our satisfaction with an adaptation of
the [D’Aubigné and Postel method]” [124]. Charnley modified the relatively complex
system and reduced it to simple addition of the three categories with a numerical grade
between 1 and 6 for each, see Table 6.1 [124]. Around the same time, Dr. William
Harris was unsatisfied with other hip scores due to lack of “sensitivity”; for instance,
he noted that in one system a patient could receive a 98% satisfactory score despite
requiring full-time use of a cane [125]. In response he devised the Harris Hip Score
(HHS) consisting of four main categories: pain; comprising a larger range and the use
of drugs; function, sub-divided into gait and ability to perform daily activities (e.g.
stair climbing, putting on shoes and socks, etc.); range of motion, comprehensively
including flexion, abduction, extension, etc.; and absence of deformities, such as limb
length discrepancy [125]. Despite having main four categories, each was broken down
into several clearly defined questions or tasks that the patient would have to perform;
thereby, making it exceedingly easy to perform a direct pre/post-operation comparison
with reduced error. The surgeon-assessed HHS has become one of the most popular
clinical scoring systems and has been shown to correspond well to patient self-reporting
systems, such as the Western Ontario McMaster Osteoarthritis Index (WOMAC) [126].

Roentgenographic assessment is the use of X-ray photographs to review a patient’s
bone or implant; today it more commonly referred to as radiography. This technique
supplemented the functional clinical assessments, which can sometimes misdiagnosis
unstable components due to a lack of early symptoms. Radiography can also prove
vital information on potential failure modes [127]. For instance, aseptic loosening can
be detected using radiography by determining radiolucent zones, typically located
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Score

Pain

Movement
(degrees)

Walking

1

Severe and spontaneous.

0-30

2

Severe on attempt to walk.
Prevents all activity.
Tolerable.
Permits limited activity.

60

Few yards or bedridden.
Two crutches.
Time and distance very
limited with/out crutches.
Limited with one crutch (up
to an hour). Difficult without.
Able to stand long periods.
Long distances with crutch.
Limited without.
No crutch but limp exists.

3

4
5
6

120

Only after some activity.
160
Disappears quickly with rest.
Slight. Pain on start of walk 210
but lessening with activity.
No pain.
260

Normal.

Table 6.1: John Charnley’s “Numerical Classification of the Clinical State of Affected
Hip Joints”. A simplified scoring system for assessing the success of a total
hip replacement (adapted from [124]).
at the bone-cement or bone-implant interface [2, 128]. Radiolucent objects permit
passage of X-rays; therefore, a lack of bone volume near the interface will produce a
dark area on the radiograph. Many early studies simply referred to gross loosening
without any specific quantification of location or cause [127].
The first retrospective quantitative radiographic evaluation of prosthetic hip implants was completed by Gruen et al. [127] for a large series of patients in the late
1970s. Gruen’s approach was unique in the following ways: a large data set with
3-year average follow-up, attempted to classify radiographical changes into four modes
of failure, and finally proposed seven delineated sections around the implant for zonal
evaluation of loosening [127]. The analysis was completed on Charnley cemented-style
hips and two key indicators for loosening were determined: interface gaps (as seen in
the radiolucent zones) at the cement-bone/implant interfaces and fractured acrylic
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cement. The unique retrospective approach allowed patterns of progressive loosening
to be identified; these failure mode identifiers would reduce errors in the radiograph
interpretations of current patients [127]. An interesting contribution of this work is
the inclusion of the zonal system, which quantified the areas of highest probability
of failure, giving valuable insight to the implant design. These analysis regions are
widely used and are called Gruen zones.
These techniques were built upon throughout the 1980s and were adapted for
porous-coated implants. Studies by Engh et al. utilized both clinical and radiographic
assessment to not only quantify and determine failure modes of porous implants,
but also to determine the factors that governed bone in-growth [2, 128, 129]. They
introduced multiple radiograph angles and the concept of determining bone in-growth
or “spot weld” locations, where increased growth is evident by increased radiopaqueness
[128]. Instability was also quantified by tracking movement of the implant over time
and osteolysis of the cortical diaphysis.
Recently, DXA scans have been utilized to quantitatively analyze mineral content
via the bone mineral density measurement (BMD). This allows physicians to track
decreases in bone mass, which in specific areas can lead to loosening; additionally, it
also allows a pre-operation estimate of the bone material distribution, facilitating the
planning process [130]. DXA scans are very repeatable with mean precision errors of
less than 5%; however, proper positioning of the femur is a key factor in obtaining
reliable results [131].
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Simulation Analysis

The pre-operation femur simulation and hip replacement simulations for two unique
prosthesis stem designs were completed at 250µm resolution. The total number of
elements, solution time, and final compliance were analyzed between the pre-operation
femur and the prosthesis designs; these results are summarized below in Table 6.2.
Based on the previous mesh convergence studies, linear elements were used exclusively
to reduce computational cost. It should be noted that the final compliance of the
pre-operation femur differs from the previous values in Table 4.1 because of the larger
design domain.
Analysis

Maximum Number
of Elements

Solution Time
(Hours)

Final Compliance
(x 10−3 J)

Pre-operation Femur
Mayo® Conservative
Alloclassic®

10,252,718
6,790,361
7,349,366

79.6
43.4
44.0

1612.15
787.17
669.97

Table 6.2: Simulation characteristics for the pre-operation femur and Mayo® Conservative / Alloclassic® prosthesis designs.

6.3

Qualitative Analysis

To the author’s knowledge, this is the first time a micro-level bone remodeling simulation algorithm has been utilized to completely simulate the pre-operation and
post-hip replacement femur’s trabecular adaptation. As mentioned in the objectives,
the current hip replacement simulation is an initial attempt; therefore, the main goal
is to vigorously analyze and scrutinize the results. This will hopefully identify key
limitations to improve the framework for future researchers. Several different methods,
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comparison femur samples, and data sources were utilized to complete an unbiased
examination of the computational simulation results.

Cross-Sectional Slices
The complete post-hip replacement femur was sliced via the coronal plane along
the midsection of the prosthesis stem. These cross-sectional slices were created for
both the immediate post-operation and post-remodeling conditions. The coronal plane
from the posterior view point was chosen, as the prosthesis is typically positioned
close to the front anterior cortical leaving little cancellous design space. A direct
comparison of the immediately post-operation and post-remodeling hip replacement
for Mayo® Conservative hip and the Alloclassic® are shown in Figure 6.1 and 6.2,
respectively.
The initial immediate post-operation trabecular geometry represents a “perfect”
installation of the prosthesis stems. No bone is destroyed or compacted, rather it
is simply removed and replaced by the prosthesis itself. While this is an impossible
situation, it would be very difficult to model bone compaction; additionally, this
method is consistent with previous studies [3, 118, 120].
For both designs, a large reduction in posterior bone content is immediately evident between the initial and final remodeling results. Complete densification of the
trabecular bone, as if to emulate increased cortical thickness, is visible in the mid and
distal portions; particularly, at the medial cortical-stem interface. This densification
“closes” around the stem to presumably support the high compressive force in the
coronal plane. Increased trabecular thickness is also present in both simulations;
however, this is very evident in the Mayo® Conservative. The distal medial portion

CHAPTER 6. IN-SILICO HIP REPLACEMENT: RESULTS

112

Biological
fixation

Densification

Large trabecular
supports

(a) Initial post-operation geometry

(b) Final post-remodeling geometry

Figure 6.1: Cross-sectional comparison of initial post-operation and final postremodeling trabecular architectures for the Mayo® Conservative prosthetic
implant stem design
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Larger trabecular
supports

Posterior
proximal bone
resorption

Significant
densification

(a) Initial post-operation geometry

(b) Final post-remodeling geometry

Figure 6.2: Cross-sectional comparison of initial post-operation and final postremodeling trabecular architectures for the Alloclassic® prosthetic implant
stem design.
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shows uncharacteristically large trabeculae, bordering on complete densification, to
support the smaller distal stem-size. The Alloclassic® reveals similar mid and distal
densification at the cortical-implant interface.

Radiography
Clinical radiographs are the dominant visual method for determining successful
hip replacements and monitoring any changes in fixation over time. Engh et al.
[2, 128, 129, 130] have extensively analyzed large data sets of cementless hip prostheses
to evaluate the amount of bone remodeling and the factors governing a successful
replacement. They summarized three main conditions that are typical of a successful
osseointegration of the hip prosthesis stem: proximal loss of periprosthetic (adjacent to
prosthesis) bone density, endosteal (cortical diaphysis) densification, and the absence
of radiolucent zones adjacent to the porous coating [129]. Engh et al. emphasize that
the most important sign of fixation are densification or “spot welds” of bone directly
adjacent to the stem; yet, this criterion is not always visible in successful cases.
A direct comparison of the pre-operation femur, immediately post-operation, and
post-remodeling for the Mayo® Conservative hip prosthesis is shown using the radiograph method in Figure 6.3. The immediate post-operation Mayo® Conservative
radiograph, Figure 6.3(b), is placed with the distal stem in slight contact with the
lateral cortical boundary and has a small gap between the medial cortical bone. Significant amounts of proximal bone are still present due the bone-preserving minimally
invasive surgery. The post-remodeling Mayo® radiograph, Figure 6.3(c), reveals
significant changes to the BMD distribution. Large amounts of proximal bone loss are
evident. This is hypothesized to be due to the loss of the principal tensile group after
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the neck osteotomy. Some of the secondary compressive group connectivity remains,
connecting the greater trochanter to the upper portions of the Mayo® prosthesis stem.
The medial side of the prosthesis, particularly around the cortical wall region, shows
densification throughout with a large “spot weld” halfway along the first taper.
Large proximal
bone loss

Densification
"spot weld"

(a) Pre-operation femur

(b) Initial post-operation

(c) Final post-remodeling

Figure 6.3: Radiographic comparison of (a) pre-operation femur (b) initial postoperation and (c) final post-remodeling trabecular architectures for the
Mayo® conservative prosthetic implant stem design.
Immediate post-operation and post-remodeling for the Alloclassic® stem prosthesis
are shown using the radiograph method in Figure 6.4. The immediate post-operation
Alloclassic® radiograph, Figure 6.4(a), reveals very few gaps between the stem and
the cortical. Contact is made in the mid region indicating a fully positioned stem.
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The Alloclassic® is a full-sized prosthesis; as a result, the majority of the proximal
femur is removed or unviewable. The post-remodeling Alloclassic® radiograph, Figure
6.4(b), shows densification in several regions. All small gaps in the mid and distal
periprosthetic regions are completely filled, indicating endosteal densification fixation.
Similar to the Mayo® Conservative, there is a significant increase in bone content at
the mid medial cortical to support the large compressive load. The visible proximal
area, particularly the region just below the greater trochanter, shows two small “spot
welds” at the lateral portion of the prosthesis.
Comparing these results to the actual radiographs of the Mayo® Conservative
and Alloclassic® stems, shown in Figure 2.5, reveal several similarities. The Mayo®
prosthesis is nearly identical, with the proximal bone significantly reduced and large
amounts of densification at the medial cortical wall region. The Alloclassic® shows
similarities in the distal regions, with no radiolucent zones appearing. The medial
region also shows slightly more bone content than the lateral region, consistent with
the simulation.

6.4

Quantitative Analysis

The simulation allows detailed architectural information to be easily extracted and
quantified from any topographical site, pre- or post-operation, highlighting a key
advantage of computational techniques. It is nearly impossible to directly compare
numerical results between different FEA studies due to differences in meshing, loading
conditions, material properties, etc. [3]. Nonetheless, Weinans et al. showed that
individual computational models concerning several prosthesis designs can accurately
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Small densification
"spot welds"

Complete
densification

(a) Initial

(b) Final

Figure 6.4: Radiographic comparison of (a) initial post-operation and (b) final postremodeling trabecular architectures for the Alloclassic® prosthetic implant
stem design
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predict and quantify the relative changes between designs, if the same loading conditions and material properties are used [118]. As a result, the current study analyzes
the resulting changes in stress, strain, and bone density after an in-silico hip replacement for two completely different prosthesis designs. In order to complete a direct
comparison between pre- and post-operation quantities, only the cancellous bone
regions that are not removed are considered in the pre-operation calculations.

Stress Shielding Analysis
As mentioned in Section 4.4, while Von Mises stress may not give the type of
loading in a particular region, it is a convenient positive scalar value of stress, suitable
for comparison purposes. The percentage change in stress-shielding was calculated for
the immediate post-THA and the post-remodeling femur models using the Von Mises
stress relative to the pre-operation femur reference value. This calculation has been
named the Stress-Shielding Intensity (SSI) and is shown in Equation 6.1 A negative
value implies that stress-shielding has occurred and that region now experiences less
stress; conversely, a positive SSI value indicates a stress increase or possible stress
concentration. This method is similar to previous studies [3, 118, 120].

Stress-shielding Intensity =

(σV M S Post-THR) − (σV M S Pre-THR)
(σV M S Pre-THR)

Note: Two Post-THR conditions – immediate and post-remodeling conditions
(6.1)
The analysis regions were broken into their corresponding Gruen zones with proximal, mid, and distal portions, respectively. The distal zone begins at the tip of
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the Mayo® Conservative prosthesis; as a result, it does not encompass the complete Alloclassic® distal portion. This zone selection was chosen for two reasons:
allowing direct comparison between the two designs with identical zones, and the
cancellous region ends at approximately the same position. These three regions were
subdivided into quadrants based on anterior-posterior (front-back) and lateral-medial
(outside-inside) positions. These modified Gruen analysis zones are shown in Figure 6.5.

1
6

Mid

5

3

Distal

4

Z

D

A

C

B

Medial

2

Anterior

Lateral

Proximal

Posterior

Y
X

X

Figure 6.5: Modified Gruen Zones around femoral prosthetic implant stem consisting
of six delineated sections. The main analysis zones are: proximal, mid,
and distal; which are further classified into quadrants.
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The overall trend in stress-shielding was analyzed based on the distance from the
proximal region categorized into the three main Gruen zones: proximal, mid, and distal.
The two prostheses were analyzed immediately post-operation and post-remodeling
conditions; identified as initial and final in the following figures, respectively. The
percentage stress-shielding change for the two designs, in the main three Gruen
zones, are summarized in Figure 6.6. The immediate post-operation cancellous bone
experienced stress-shielding for both prostheses in all regions; however, the magnitude
of stress-shielding was lower in all zones for the Mayo® Conservative design. The
mid zone had the least stress-shielding for the Mayo® Conservative; whereas, the
Alloclassic® had the highest stress-shielding.
The changes in each region are significantly different after the remodeling simulation
was completed. Particularly, the distal portion actually increased stress magnitude
compared to the pre-operation femur in both prostheses; this also occurred in the mid
region for the Mayo® Conservative. The proximal region was more or less unchanged
for both prostheses. The general trend revealed a reduction in stress-shielding and
even increases, which correlated to the distance from the proximal head; that is, the
more distal the location, the lower the stress-shielding after remodeling.
Analyzing the three individual regions by quadrants revealed several interesting
correlations; the SSI is shown by quadrant for the proximal, mid, and distal regions,
in Figures 6.7, 6.8, and 6.9, respectively. It was noted that in all regions the medial
quadrants experienced a lower amount of stress-shielding than the lateral quadrants.
Similarly, the posterior quadrants also had lower values than the anterior quadrants;
however, the variation was not as pronounced as the medial-lateral relationship. After
bone remodeling, large increases in stress were recorded predominantly in the medial
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Stress-Shielding Intensity [%]

120%
100%
80%
60%
40%
20%
0%
-20%
-40%
-60%
-80%

PROXIMAL
Mayo - Initial

MID
Allo - Initial

DISTAL
Mayo - Final

Allo - Final

Figure 6.6: Stress-shielding comparison for the two prosthesis designs via the three
main Gruen zones
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quadrants; especially, for the Mayo® Conservative implant. The post-remodeling
increases amounted to over 100% in several regions, revealing significant changes to

Proximal: Stress-Shielding Intensity [%]

the loading paths.

25%

0%

-25%

-50%

-75%
A) MedialAnterior

B) MedialPosterior

C) LateralAnterior

D) LateralPosterior

Mayo - Initial

Allo - Initial

Mayo - Final

Allo - Final

Figure 6.7: Proximal Gruen zone stress-shielding comparison by quadrant for the two
prosthesis designs between.

Strain Energy Analysis
Minimization of global compliance is the driving force behind the bone remodeling
that occurs in this analysis; therefore, it is not surprising that in both hip replacement simulations the global strain energy and its variation decreased. An analysis
of the individual design domains reveals important information about the modified

Mid: Stress-Shielding Intensity [%]
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200%
175%
150%
125%
100%
75%
50%
25%
0%
-25%
-50%
-75%
A) MedialAnterior

B) MedialPosterior

C) LateralAnterior

D) LateralPosterior

Mayo - Initial

Allo - Initial

Mayo - Final

Allo - Final

Figure 6.8: Mid Gruen zone stress-shielding comparison by quadrant for the two
prosthesis designs.

Disltal: Stress-Shielding Intensity [%]
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Allo - Final

Figure 6.9: Distal Gruen zone stress-shielding comparison by quadrant for the two
prosthesis designs.
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load path mechanisms for each design. The pre-operation, immediate post-operation,
and post-remodeling strain energies for the Mayo® Conservative and Alloclassic®
prostheses are summarized in Table 6.3.

Mayo® Conservative
Cancellous
Cortical Prosthesis
−3
(x 10 J) (x 10−3 J) (x 10−3 J)
Pre-Operation
Immediate Post-op
Post-remodeling
% Change Post-op

145.30
37.32
42.67
+14.36%

1466.85
720.99
676.10
-6.23%

N/A
66.68
68.39
+2.56%

TOTAL
(x 10−3 J)
1612.15
824.98
787.17
-4.58%

Alloclassic®
Cancellous
Cortical Prosthesis
(x 10−3 J) (x 10−3 J) (x 10−3 J)
Pre-Operation
Immediate Post-op
Post-remodeling
% Change Post-op

145.30
22.90
20.37
-11.04%

1466.85
524.42
509.02
-2.94%

N/A
160.86
140.57
-12.62%

TOTAL
(x 10−3 J)
1612.15
708.19
669.97
-5.40%

Table 6.3: Comparison of the strain energy distribution in the various deign domains
for the two prosthesis designs. Despite a similar overall reduction in strain
energy, the Mayo® conservative design reveals higher optimized strain
energies in the cancellous and prosthesis design spaces.
The total strain energy is highest in the pre-operation femur, followed by the
Mayo® , and Alloclassic® , respectively. As mentioned in the topology optimization
theory section, a lower global strain energy implies a stiffer structure; therefore, this
order is expected. The pre-operation femur will have the least stiffness (i.e. highest
strain energy), as bone has a lower Young’s Modulus than titanium; conversely, the
prostheses remove large portions of cancellous bone and takes the higher percentage
of the load. This is revealed in the strain energy received by the Mayo® Conservative
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and the larger Alloclassic® prostheses, which as a percentage of the total strain energy
are 8.7% and 21.0%, respectively.
Comparing the total change in strain energy between the two designs reveals a
similar reduction of approximately 5%; however, the differences between individual
design spaces are substantial. The Mayo® Conservative shows an increase in strain
energy for both the cancellous and prosthesis design spaces at 14% and 3%, respectively.
Conversely, the Alloclassic® shows large decreases in these design spaces of 11% and
13%, respectively. The relatively large increase of the cancellous strain energy for the
Mayo® prosthesis seems counter-intuitive to the optimization; however, it is the overall
reduction in the global strain energy that is essential to the design. The interactions
between these different design spaces are complex and often result in trade-offs; for
example, a 4% increase in cancellous strain energy could result in 10% decrease in
cortical strain energy. The Mayo® Conservative simulation appears to reorient the
cancellous bone to create a stronger loadpath between the prosthesis and the cortical
bone; resulting in both the cancellous bone and prosthesis experiencing a higher strain
energy, while greatly reducing the cortical strain energy. The Alloclassic® has good
initial contact with the cortical bone; as a result, the optimized results do not show
as pronounced changes in trabecular reorientation.
Analyzing the strain energy distribution by region reveals a similar trend to the
stress-shielding results. The percentage strain-shielding change for these prostheses are
summarized in Figure 6.10. Strain energy is reduced in the all areas for both designs
immediately following the hip replacement, with the Mayo® Conservative showing a
smaller change compared to the Alloclassic® . After remodeling the proximal zone
experiences further reductions in strain energy, whereas, the mid and distal zones
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increase the amount of strain energy experienced, even surpassing the pre-operation
femur levels. This implies that the load path has shifted to the more distal regions of
the femur.

80%

Strain Energy Change [%]
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Figure 6.10: Strain energy comparison for the two prosthesis designs via the three
main Gruen zones.

Density Analysis
Since a “perfect” installation is assumed the analysis regions have the identical bone
mineral content and structure both pre-operation and immediately post-operation.
The percentage change in bone mineral content is calculated using the immediate
post-operation cancellous bone as a reference value. The overall trend in bone mineral
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content after remodeling is shown for the three main Gruen zones in Figure 6.11. The
bone mineral content only decreases in the proximal region, while steadily increasing
the further away from the proximal neck. Similar to the stress-shielding analysis, the
highest increases are experienced in the distal portion for both prostheses. It should
be noted that the proximal region is larger than the equally sized mid and distal
regions; as a result, a 20% change in these regions actually represent a much larger
increase or decrease in actual bone mineral content.
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Figure 6.11: Bone mineral content comparison for the two prosthesis designs via the
three main Gruen zones.
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Discussion

A large-scale three-dimensional computational in-silico hip replacement was completed
for two different prosthesis designs to simulate the post-operation bone remodeling.
The analysis was limited to a 250µm mesh resolution due to the expanded design
space, which extended 75% further down the medullary canal.
Qualitative analysis of the resulting post-operation remodeling was completed via
cross-sectional and radiograph simulated visualization techniques and compared to
actual radiographs and qualitative findings in the literature. Two important factors for
osseointegration were visible in both prostheses: proximal loss of periprosthetic bone
and endosteal densification [129]. Large posterior proximal bone loss was especially
noticeable. Densification near the cortical-implant was most visible on the medial side
and distal regions. This is consistent with the findings of Engh et al., who evaluated
almost 400 porous-coated replacements and noted “the largest decrease in mineral
content always occurs adjacent to the proximal portion of the implant” [129] and
“increased density and thickening of the cortices at the lower levels” [2].
Quantitative analysis was completed by examining the immediate post-operation
bone mineral content, strain energy, and stress levels and calculating the overall
percentage change post-remodeling. Several important factors for stable fixation
as determined in several clinical evaluations, were evident, including: high levels
of proximal bone loss, distal bone growth, and medial densification [2, 129, 130].
Bone mineral content had the highest levels of resorption in the proximal region
and densification in mid and distal zones. This follows the findings of Engh et al.
[129] who quantified the bone loss using DXA scans; they noted that the percentage
of bone loss peaks closest to the prosthetic implant neck and reduces distally, even
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increasing above pre-operation levels in the mid and distal regions. Stress-shielding
and strain-shielding were noted throughout all regions immediately post-operation
for both designs, similar to previous computational studies [3, 118, 120]. After bone
remodeling the Mayo® Conservative experienced large increases of stress in the mid
and distal regions over the pre-operation femur levels. The Alloclassic® exhibited a
similar trend; however, the increases were not as pronounced, resulting in almost no
change over the pre-operation femur.
Several trends were matched in the literature review; however, discrepancies were
present in the quantitative magnitudes of these trends. Overall proximal bone loss was
approximately 15-20% in the simulation, followed by 30-70% increases in the mid, and
120-140% increases in the distal regions. However, in the DXA study the average level
of bone loss was much higher in the proximal and mid regions, up to 80% and averaging
around 40%. Bone content increase in the distal region was typically less than 10%,
with a maximum of 20% for one patient. The reason for this discrepancy is due to the
numerical formulation of the topology optimization method; it requires a maximum
mass constraint. While bone mass is not explicitly held at this maximum, a higher
use of material normally results in a lower overall compliance. In order to increase
realism, a multi-objective or weighted sum of strain energy and mass could be utilized
as an objective function (testing is required to support this hypothesis). A drawback
of this method is enhanced computational complexity, including proper selection and
justification of weighting factors; as a result, extensive testing and validation would
have to be performed to determine optimal values.
A key simplification required for the analysis was the assumption of immediate
fixation . It has been shown in previous analyzes that varying levels of contact friction
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resulted in little impact on the final optimization outcome and stress distributions in
the model [119, 120]. Nonetheless, it is unknown if this assumption can accurately
model the initial and intermediate remodeling conditions. The initial stress condition
in this analysis is based on the ideal loadpath created through immediate bonding;
in reality, some of this fixation would occur over time and could be quantified based
on the relative micro-motions at the bone-implant interface [119, 129]. Introduction
of a non-linear contact model, which determines the type of bonding based on the
micro-motions would increase model realism; however, such an implementation would
be computationally unfeasible at the current mesh resolution.
The overall trabecular distribution matches the clinical radiograph and DXA
studies; however, underestimation of the posterior cancellous bone is evident. In
the pre-operation bone remodeling simulation, the hip contact pressure and pooled
abductor muscle force produces very realistic results. However, these forces are
hypothesized to be an excessive simplification for the THR simulation; resulting in
reduced posterior bone content due to direct loadpaths through the prosthesis. In
the recent analysis by Fraldi et al. [120], an inner hip muscle connection at the lesser
trochanter (the iliopsoas) and quadricep muscle connections at the greater trochanter
(the vastus lateralis) were utilized to represent a wider range of musculoskeletal forces.
The Heller and Bergmann loading conditions also include these muscle forces; however,
they were not utilized for two main reasons. The medullary canal was truncated close
to these muscles locations and initial results from the bone remodeling simulation
seemed reasonable without the added complexity. After analyzing the hip replacement
results it is believed that the combination of additional musculoskeletal forces and
loading conditions may improve the results.

Chapter 7
Summary and Conclusions
7.1

Summary

Three main objectives were proposed for this research, each with several sub-objectives.
The first two objectives focused on the creation and application of a computational
micro-level bone remodeling numerical framework. The key outcomes of these two
objectives are summarized below:

Three-dimensional Micro-level Bone Remodeling Computational Framework
The computational bone remodeling framework was utilized to simulate the adaptation or remodeling of the internal femur architecture. The simulation produced
trabecular patterns similar to human femurs and bone density distributions consistent
with quantitative studies in the literature. The measured mean global strain energy
was reduced during the optimization and the individual elemental variation decreased,
converging towards a uniform strain energy distribution. A uniform distribution
132
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means that each constituent element is being used equally to support the load; this
will result in a “fully stressed” structure, implying that the proximal femur achieves
maximum mechanical efficiency. This result suggests that DSO topology optimization
can accurately model the trabecular adaptation process due to biomechanical stimulus
and supports Wolff’s hypothesis that the proximal femur is a naturally optimum
structure.

In-silico Hip Replacement Considering Bone Remodeling
The numerical framework was modified to perform an in-silico hip replacement
simulation on two different commercially available prosthetic implant stem designs.
Detailed comparative analyses were performed between the pre-operation, immediately
post-operation, and post-remodeling conditions. The changes in bone density distribution and key structural properties, quantified via stress and strain energy analysis,
were calculated for the three conditions. The main findings were similar to previous
computational studies and consistent with several large clinical follow-up studies in
the literature. Both prosthetic implant designs experienced stress-shielding immediately post-operation; however, the Mayo® Conservative’s unique double-tapered,
smaller form factor design had a much lower incident of shielding. Furthermore, higher
conservation of bone material and larger reductions in stress-shielding were noted
for the Mayo® Conservative after bone remodeling suggesting superior performance.
While the analysis revealed several limitations and future areas of improvements, the
overall preliminary results compared well to previous studies and suggest that this
algorithm can be utilized for comparative prosthetic implant stem design.
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Limitations and Future Work

The third objective of this research was to analyze the various limitations encountered
during the design and implementation process. The following limitations represent
fundamental assumptions that were utilized to reduce computational expense and
complexity; additionally, some issues represent viable research projects large enough
for individual investigation.

“Biological” Bone Remodeling
Inclusion of time dependent, biological effects into computational bone remodeling
algorithms represents the “holy grail” of the field. Currently the basis for all remodeling
algorithms is stress or strain; that is, exclusively the biomechanical response. It is
known to have a profound effect on bone orientation, adaptation, and density; however,
it is also known that many biological factors can influence, dominate, and even disrupt
the biomechanical remodeling response. The difficulty of including biological responses
is due to the sheer complexity and dependencies of the inputs. Consider the impact of
age only; this implies a unique level of hormones, nutrition and dietary consumption
of vitamins and minerals, increased probability of bone diseases, etc. all of which
will influence bone strength and mass [23]. Quantifying and validating a numerical
framework considering all these factors would be nearly impossible; nonetheless, this
does mean they should not be investigated. By examining the relative influences of a
few these factors, it may be possible to include some of the more critical inputs. Proper
nutrition, with adequate levels of calcium and vitamin D, is critical in healthy bone
formation and homeostasis. Linking nutritional intake of these important minerals
and the biomechanical response would be an ideal first step. This would require more
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detailed knowledge of how these minerals quantitatively effect the bone remodeling
basic multi-cellular units. Obtaining and validating these relationships would be
extremely difficult. In addition, this would likely require the introduction of a timelength scale, that is, relating the number of iterations to a concrete physical remodeling
time. This could only be achieved by utilizing experiments to validate a proposed
time-length scale.
Furthermore, the current topology based numerical framework cannot accurately
represent changes in bone content due the inclusion of the mass constraint. This
limitation is apparent when the framework was applied to the hip replacement simulation. Bone “resorption” occurred in the correct regions; however, the mass is
merely transferred to the distal portions. While this is the correct trend determined
from clinical observation, this mass conservation effectively overestimates the total
global mass post-remodeling. As previously mentioned, this could be circumvented
with a multi-objective or weighted sum objective function consisting of strain energy and mass; however, a biological based algorithm would represent the ideal solution.

Cellular Level Remodeling
A difficult challenge of this research was the huge number of design variables and
finite elements, peaking at over 20 million for the 175µm resolution. This resolution represented the maximum capabilities of the computing system available and
total simulation time was over 340 hours (more than 2 weeks). The previous twodimensional study completed by another member of the research group was completed
at a resolution of 50µm, which allows representation of the trabecular structure at
near cellular scale. It should be noted that the effect of a lower mesh resolution
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on the overall trabecular orientation is negligible; that is, the four main anisotropic
loading groups described by Wolff and Ward will still appear. Verhulp et al. [72]
quantified the differences in stress and strain between continuum and micro-level
finite element models of the same bone. They discovered that despite the coarser
resolution the overall distribution of stress and strain remained similar. Conversely,
the mesh resolution and bone volume fraction have a significant impact on creation
of physiologically accurate trabecular size and spacing. Trabecular thickness and
spacing in the human proximal femur is approximately 200µm and 640µm, on average,
respectively [93]. Reproduction of these values can only be achieved by utilizing a mesh
resolution that can accurately capture the cellular phenomenon; that is, matching the
size of the basic multi-cellular units (e.g. osteoblasts and osteoclasts) at approximately
20-30µm. However, due to the cubic relationship between mesh resolution and total
number of elements, this would result in roughly 8-12 billion finite elements and is
currently an impossible computational problem. It is interesting to note that in the
past thirty years, mesh sizes have grown from a few hundred to several millions of
three-dimensional elements; therefore, it is not unreasonable that in twenty years a
problem of this magnitude will still be unsolvable.

Loading Conditions
The most commonly used approach for modeling loading for bone remodeling
simulations is to apply multiple loading cases separately, and then normalize the results
to get the average response considering the weighting of each. Normally between
one and three loading cases based on extreme, peak loading conditions or daily
loading activities (as proposed in this research) are utilized. As the results are load
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dependent, it is vital to have loading conditions that closely mimic daily life; thereby,
ensuring the simulation accurately captures all biomechanical effects. Recently, ten
loading cases were used by Coelho et al. [70] in an effort to capture as many daily
loading conditions as possible. A relatively recent approach is to incorporate dynamic
loading profiles; that is, perform non-linear analysis that utilizes a complete gait
cycle for a daily activity, such as stair climbing. Multi-objective hip prosthesis design
research by Matsoukas and Kim [8], utilized the complete dynamic loading profiles
that Heller and Bergmann determined for walking and stair climbing [82, 83, 84]. This
allowed the contact, magnitude, and directionality of the changing load to be captured,
creating a high level of realism in the simulation and removing several simplifying
assumptions. Ideally, dynamic loading profiles for daily activities should be utilized in
bone remodeling; however, this requires a more complex, computationally expensive
non-linear load stepping analysis.
The hip replacement simulation revealed that a pooled abductor muscle force
may be an excessive simplification; resulting in reduced posterior bone mineral content. In the recent analysis by Fraldi et al. [120], an inner hip muscle connection
at the lesser trochanter (the iliopsoas) and quadricep muscle connections at the
greater trochanter (the vastus lateralis) were utilized to represent a wider range of
musculoskeletal forces. It is recommended that these additional muscle loadings
be implemented and analyzed to determine their influence on the results; however,
an extended femur design space must be utilized, resulting in more computational cost.

Modeling Fixation of the Hip Prosthesis
Immediate perfect fixation was assumed between the bone-implant interface for
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the hip replacement simulation. The assumption of perfect fixation (fully bonded)
versus friction models and those considering micro-motions, has shown little impact
on the final amount of bone ingrowth and stress distribution [119, 120]. However, the
assumption of post-operation bone fixation introduces some error when considering the
initial and intermediate simulation results. It should be noted this has only been tested
at a macro-level; therefore, validation at a micro-level still needs to be completed.
Unfortunately, a non-linear analysis that utilizes contact at this mesh resolution is
unfeasible with current hardware.
Furthermore with increasing computational capabilities, it will be possible to model
these porous coatings as they are in reality, a chaotically, linked metal micro-structure
that is designed to resemble natural trabecular bone. The simulation would require
the bone to physically remodel into the structure; as opposed to current models (this
research included) that have to assume ingrowth at the bone-implant interface when
these elements are adjacent.

7.3

Conclusion

The proposed numerical framework allowed computational validation of Wolff’s Law
and at the current maximum resolution achieves accurate trabecular loading patterns.
Ideally a larger computer cluster could be utilized allowing increased mesh resolution to
improve results; however, computational time will still be an issue due to diminishing
parallel-scaling returns. It has been demonstrated that the framework can be utilized
for some aspects of comparative prosthetic implant design; such as, stress-shielding
and bone adaptation. However, several limitations have been identified to improve
the framework and extensive experimental validation needs to be performed before
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any “real world” applications. The main objectives of this research: the creation of a
micro-level computational bone remodeling framework, implementing this framework
for in-silico hip prosthesis design and analysis, and identifying key limitations and
improvement areas for future researchers; were all achieved. These are discussed in
detail below identifying the important results and contributions:
1. A three-dimensional micro-level finite element computational bone remodeling
framework numerically-predicted trabecular orientations and distribution similar
to both Wolff’s Law and human bone. The DSO topology optimization method
has provided additional evidence for the biomechanical response Wolff hypothesized and that the proximal human femur is a naturally optimal structure. The
key findings supporting this conclusion are outlined below:
(a) Qualitative comparison to human femur architecture from the literature
using cross-sectional, CT, and radiographic imagery revealed similar directionality in the four main loading groups. The numerically-predicted
trabecular intersection angles in the neck and lesser trochanter were nearly
orthogonal, as Wolff predicted; however, recent analysis of human femurs
has shown the neck angles to be 69 ± 12○ , representing an approximate 19○
average deviation but nearly within the statistical range.
(b) Quantitative analysis of the numerically-predicted bone density distribution
was compared to DXA and CT scan data from the literature and revealed
identical trends. The lowest bone content was found in the central neck
region (Ward’s triangle), followed by the trochanter, and femoral head
regions. Comparing the BV/TV ratios of the numerical results and the CT
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scan data suggests that the BV/TV of trochanter was overestimated by
50%; however, all other regions were nearly identical.
(c) The small discrepancies in trabecular intersection angles and bone distribution mentioned above are hypothesized to be due to simplified loading
conditions and muscle connections. Recent analysis of trabecular architecture in the literature suggests that non-orthogonal angles are attributed
to large shear strains caused by various extreme loading conditions, which
were not considered in the simulation. It is probable that these extreme
loading conditions, caused by oblique loading at the limits of joint excursion,
would result in more trabeculae in the femoral head at these outermost
contact regions; thereby, increasing the bone content in the head while
possibly decreasing the overestimated trochanter.
2. In-silico hip replacement was performed on two different prosthesis designs
considering micro-level bone remodeling to predict post-operation adaptation.
The trabecular bone adaptation and stress-shielding were very similar to previous
macro-level studies in the literature; in addition, comparison to actual implant
radiographs revealed excellent correspondence. While certain limitations and
improvements were identified, the results suggest the ability to utilize this new
novel framework for comparative prosthesis design. The key finding supporting
this conclusion are outlined below:
(a) Several important factors for stable fixation as determined in several clinical
evaluations, were evident, including: high levels of proximal bone loss, distal
bone growth, and medial densification [2, 129, 130].
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(b) The post-operation bone mineral content had the highest levels of resorption
in the proximal region and densification in mid and distal zones. This
follows the clinical findings of Engh et al. [129] who quantified the bone
loss using DXA scans; they noted that the percentage of bone loss peaks
closest to the prosthetic implant neck and reduces distally, even increasing
above pre-operation levels in the mid and distal regions. This is consistent
with the numerically-predicted results; however, due to the mass constraint
the relative values were overestimated by 20% in the proximal region and
up to 100% in the distal region.
(c) Stress-shielding analysis revealed the highest incidence in the proximal
regions, both the immediate post-operation and post-remodeling conditions averaged a 40% reduction in stress over the pre-operation levels.
Additionally, the mid and distal portions experienced higher levels of postremodeling stress increases, suggesting that the load path has shifted to
these regions, which is consistent with factors for fixation.
(d) Both prosthetic implant designs experienced stress-shielding immediately
post-operation; however, the Mayo® Conservative’s unique double-tapered,
smaller form factor design had a much lower incident of shielding. Furthermore, higher conservation of bone material and larger reductions in
stress-shielding were noted for the Mayo® Conservative after bone remodeling suggesting superior performance.
In conclusion, a suitable future application of this technology would be in custom
hip prosthetic implant design. A patient would have their femur scanned and an
in-silico hip replacement performed. The virtual prosthesis would be optimized
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based on that patient’s unique femur geometry, internal trabecular layout, and typical
loading activities. Manufacturing custom femoral implants would be highly impractical;
nonetheless, this technology could be suited to allow physicians to select a commercially
available design with the optimal geometry and size for that specific patient’s unique
anatomy. While this seems unrealistic, the presented framework can currently complete
these steps; however, there are several limitations that must be first addressed. The
absence of biological factors in the algorithm, computational limitations, and clinical
validation are three huge obstacles that need to be overcome. Hopefully future advances
in the field of computational biomechanics, technology, and human ingenuity allow
such a dream to become reality.
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[114] T. Orr, G. Beaupré, D. Carter, and D. Schurman. Computer predictions of
bone remodeling around porous-coated implants. The Journal of Arthroplasty,
5(3):191–200, 1990.
[115] R. Huiskes, H. Weinans, and B. Van Rietbergen. The relationship between stress
shielding and bone resorption around total hip stems and the effects of flexible
materials. Clinical Orthopaedics, 274:124–134, 1992.
[116] H. Weinans, R. Huiskes, B. Van Rietbergen, D. Sumner, T. Turner, and
J. Galante. Adaptive bone remodeling around bonded noncemented total hip
arthroplasty. a comparison between animal experiments and computer simulation.
Journal of Orthopaedic Research, 11:500–513, 1993.
[117] B. Van Rietbergen, R. Huiskes, H. Weinans, D. Sumner, T. Turner, and
J. Galante. The mechanism of bone remodeling and resorption around press-fitted
tha stems. Journal of Biomechanics, 26:369–382, 1993.
[118] H. Weinans, D. Sumner, R. Igloria, and R. Natarajan. Sensitivity of periprostheitc stress-shielding to load and the bone density-modulus relationship in
subject-specific finite element models. Journal of Biomechanics, 33:809–817,
2000.
[119] P. Fernandes, J. Folgado, C. Jacobs, and V. Pellegrini. A contact model with
ingrowth control for bone remodeling around cementless stems. Journal of
Biomechanics, 35:167–176, 2002.

BIBLIOGRAPHY

159

[120] M. Fraldi, L. Esposito, G. Perrella, A. Cutolo, and S. Cowin. Topological optimization in hip prosthesis design. Biomechanics and modeling in mechanobiology,
page In Press, 2009.
[121] Zimmer Inc. Alloclassic hip system, July 2010. http://www.zimmer.com/web/
enUS/pdf/Alloclassic_Hip_System_Brochure_1001-25-011_11_03.pdf.
[122] Zimmer Inc.

Zimmer mayo conservative hip prosthesis, July 2010.

http://www.zimmer.com/web/enUS/pdf/Zimmer_MAYO_Conservative_
Hip_Brochure_97-8026-101-00_Rev_2_05_20061.pdf.
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Appendix A
Variable Handling
A.1
A.1.1

Fixed Grid Index
Introduction

A design space optimization problem will have three main regions encompassed by
the fixed grid. These design spaces are discussed below:
Active
Area where the design variables are optimized to obtain an element density of 0
or 1. The size of the active design space is defined as nadv.
Inactive
Predefined area where material can never exist (element densities are 0). This
area remains constant in size throughout optimization.
Proactive
Predefined area where material always exist (element densities are 1). This area
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remains constant in size throughout optimization. The location, strain, and
stress information of these elements are stored (density is always known to be
“1”).
Fixed Grid
Theoretical rectangular grid that encompasses all active / proactive design
space geometry. Numbering of elements starts at the origin of the fixed grid,
incrementing in the Y-axis, then X-axis, and finally Z-axis directions; this is
shown in Equation A.1. The number of fixed grid elements, nfg, is simply the
multiplication of the number of elements along each axis (e.g. xfg, yfg, zfg).
The integer locations in each axis are denoted i,j, and k, respectively.
Element Number = EN = j + (i − 1)(yf g) + (k − 1)(yf g)(xf g)

(A.1)

Active Design Variables
Elements in the active design space, which have material (element densities
greater than zero). The density, location, strain, and stress information of these
elements are stored. The number of active design variables is defined ndv.
The majority of DSO problems will feature relatively small active and proactive
design spaces compared to the fixed grid. If we simply created several nfg sized arrays
to store the different design space information, many of the array values would be
zero. For this reason, a variable handling scheme was developed to track only key
element information: the element’s location in three-dimensional space, the element’s
design space type (e.g. inactive, proactive, etc.), and a link to the element’s current
density / strain energy.
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Numerical Implementation

The active design variables location, density, and strain energy are stored arrays of size
ndv defined as xloc(ndv), xden(ndv), and sene(ndv), respectively. However, due
to the Cartesian grid nature of the filtering, design space expansion, and design space
reduction algorithms, it is still necessary to have one temporary “Master Fixed Grid
Index” array of size nfg defined as fgindex(nfg). Fgindex holds design variable
information about every fixed grid element, shown in Table A.1.
Fgindex Value

Description

>0

Active design variable currently exists (ρi > 0). The
integer value “points” to the location of the elements
density / location information in xden and xloc arrays
(see example).
Active design space but design variable does not currently
exist; however, it could possibly hold material in the
future during a design space expansion.
Inactive design space. No material can ever exist in the
location; therefore, not eligible for expansion.
During the design space expansion / reduction subroutines, a location flagged with this value is eligible for
expansion / reduction. This is used to prevent an element
from being flagged or counted twice.

0

-1
-2

Table A.1: Fixed Grid Element information stored in fgindex array
The main purpose of the fgindex array is to point to the corresponding xden
and xloc values, which is easily explained with a simple example. Assume that the
fixed grid is a 5x5x5 domain with the array information shown in Table A.2. The
fixed grid element locations (1) and (2) represent inactive design space (as they hold
-1 values). The first active design variable occurs at fixed grid element location (3)
with a corresponding value of 1; this value points to the first value of both xden
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and xloc. The xden(1) value simply reveals that full element density is achieved at
that location; whereas, the xloc(1) circularly points back to the fixed grid location
(significance explained below). Analyzing the complete list shows the total number of
fixed grid elements and active design variables are 125 and 20, respectively. Element
(123) is part of the active design space and is a candidate for future design space
expansions (as it holds a value of 0).
Fixed Grid Index Array

Active Density Array

Active Location Array

fgindex(1) = -1
fgindex(2) = -1
fgindex(3) = 1
fgindex(4) = -1
fgindex(5) = 2
⋮
fgindex(120) = 18
fgindex(121) = 19
fgindex(122) = -1
fgindex(123) = 0
fgindex(124) = 20
fgindex(125) = -1

xden(1)
xden(2)
xden(3)
xden(4)
xden(5)

xloc(1)
xloc(2)
xloc(3)
xloc(4)
xloc(5)

=
=
=
=
=

⋮
xden(15)
xden(16)
xden(17)
xden(18)
xden(19)
xden(20)

1.000
0.564
1.000
0.267
0.450

=
=
=
=
=
=

1.000
0.945
0.839
1.000
0.345
1.000

= 3
= 5
= 8
= 14
= 30
⋮
xloc(15) = 78
xloc(16) = 95
xloc(17) = 110
xloc(18) = 120
xloc(19) = 121
xloc(20) = 124

Table A.2: Fixed grid index and variable tracking example for 5x5x5 fixed grid domain
Using these few arrays the pertinent design variable information can easily be
tracked and updated during design space expansion and reduction. Each DSO iteration
will require the number of active design variables and corresponding arrays to be
resized and reallocated.
In the past, explanation of the proposed numbering scheme (to other colleagues)
often leads to a very valid question: why bother having the xloc array if fgindex
holds all the required information? There are two main reasons for using a combination
of the arrays.
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The first is for memory savings. The largest portion of memory will be required
during the FEA; therefore, it is possible to deallocate the larger fgindex array from
memory, while maintaining the active design space and variables in two much smaller
arrays. The importance is best illustrated with another example: the 175µm mesh
femur model has a fixed grid size nfg = 83.7 x 106 , while the DSO has an active
design space, ndv = 5.5 x 106 . The optimization algorithm alone requires 13 N-sized
arrays and three 2N-sized arrays; in addition, to the original element information
arrays. Assuming double precision numerical accuracy, a single N = nfg sized array
would represent 669.6MB of memory; the total for all arrays would be approximately
14.73GB! Since only the cancellous design space is optimized, using only the active
elements reduces this memory requirement to less than 1GB, representing a savings
of 90%! The second benefit is that several calculation sub-routines do not require
the information in an ordered cartesian grid. For example, calculation of sensitivity
and compliance can be done in a 1 to ndv loop, instead of a 1 to nfg loop. When
we are dealing with tens of millions of design variables and several nested loops, the
computational savings can be substantial.

A.1.3

Calculating Location

The fixed grid numbering system, as described above, is a straightforward numbering
scheme for voxel space; however, how does one take an element number and convert it
to a “real world” length? Consider the three-dimensional model in Figure A.1, which
represents a 2x3x4 voxel design space that is numbered according to Equation A.1.
Assume that element 17 is the only active design variable and we want to determine
its actual location if the resolution of one voxel is 50µm. Since the overall fixed grid
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size in all directions in known, the element number can be decomposed into it (i,j,k)
Cartesian grid location using Equation A.2. Completing this calculation for element
17, the grid coordinates obtained are (2,2,3); multiplying each of the components
individually minus one (to account for the origin) by the mesh resolution will give the
location of the “master node”; that is, the node nearest to the origin.
Previous numerical implementations of two-dimensional bone remodeling by Jang
have used three separate 2-ndv sized arrays to handle element location [67, 66].
This new variable handling scheme eliminates additional computation time updating
location arrays and wasteful use of memory.
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Figure A.1: Concept of Fixed Grid and Element Numbering System
EN − 1
+1
(yf g)(xf g)
EN − (k − 1)(xf g)(yf g) − 1
+1
i=
yf g

k=

j = EN − (i − 1)(yf g) − (k − 1)(yf g)(xf g)
NOTE: Above calculation assumes integer calculation (e.g. 11/5=2)

(A.2)

Appendix B
Computation Framework
B.1

Introduction

The computational framework consists of three distinct sub-programs, each with
a specific task: the pre-processor, which initializes the design spaces, loads, and
boundary conditions; the processor, which completes the optimization to determine
the optimal solution; and the post-processor, which analyzes the raw solution data
using qualitative visualization tools and quantitative numerical methods.
These were purposely divided into separate programs to facilitate easy of use and
maximize computational speed. While the ability for the user to select the mesh
resolution and few other key design variables and then have the program automatically
complete pre-processor, processor, and post-processor in one easy program is possible.
This creates significant amounts of redundant calculations. For example, creation of
the voxel mesh and loading profiles takes over an hour for higher mesh resolutions;
however, these really only need to be calculated once and can be stored for subsequent
simulations.
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The programs were constructed using Fortran™ 2003 programming language for a
64-bit operating system. Fortran™ is excellent at handling large data sets for scientific
computing and requires less resources than a commercial coding program, such as
MATLAB™ . The final program suite represents over 15,000 lines of code not including
numerous revisions. The structure of each sub-program is outlined in detail below.

B.2

Pre-processor

The majority of the pre-processor method was discussed in detail in Section 3.3, as
the modeling process was deemed to be an integral part of the research. The following
explanation will focus on the interaction between the Fortran™ program and the
commercial software used for pre-processing. The pre-processor framework is shown
below in Figure B.1.

PRE-PROCESSOR

Prep and STL mesh CAD files

HYPERWORKS

Convert to voxel design space

FORTRAN Code

Output loading and
boundary conditions

ANSYS /
FORTRAN Code

Figure B.1: Pre-processor Framework
The pre-processor utilizes two commercial software programs, HYPERWORKS™
and ANSYS™ , to facilitate the meshing processing. As previously outlined in Section
3.3.1, HYPERWORKS™ is used to manipulate the CAD files directly in the following
manner: position model in correct orientation, remove unwanted portions (e.g. distal
femur), and mesh the design spaces using triangular surface mesh, and export the mesh
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in STL format. The STL format is relatively easy to extract geometrical information.
It is an ASCII (i.e. text) file that contains the vertices and surface normals of the
triangular surface mesh, see Table B.1. This file is read by a custom algorithm,
discussed in Section 3.3, and converted to the fixed grid voxel mesh format discussed
in Section A.
Typical ASCII STL file
solid ascii
facet normal ni nj nk
outer loop
vertex v1x v1y v1z
vertex v2x v2y v2z
vertex v3x v3y v3z
end loop
endfacet
endsolid
Table B.1: Stereolithography (STL) ASCII File format

The final application of loading is completed by a separate loading program, which
extracts the exterior cortical nodes and applies the loads directly to the these nodes,
as outlined in Section 3.3.2. ANSYS™ is used during this sub-program to extract the
XYZ-components of distance from the pilot nodes only, no solving is initiated.

B.3

Processor

The processor is the largest portion of the overall program, in terms of both complexity
and computational time. The processor framework is shown below in Figure B.2 and
consists predominantly of Fortran™ code.
The processor begins by reading in several design variable initialization files, which
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Variable Initialization
(Design spaces and opt. criteria)

PROCESSOR
FORTRAN Code

Populate cancellous DS with Tori

DESIGN SPACE EXPANSION

Output Finite Element Model
Finite Element Analysis

ANSYS

Read in Element Strain Energy

TOPOLOGY
OPTIMIZATION

DESIGN SPACE
OPTIMIZATION

Calculate Design Variable Sensitivities
Filtering of Sensitivities
Calculate constraint function
Optimization:
Method of Moving Asymptotes

NO

Design Variable Convergence?
YES

DESIGN SPACE REDUCTION
Output Data: Density, Strain, Stress
Design Space Convergence?

NO

YES

OPTIMIZED DESIGN

Figure B.2: Processor Framework
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contain the parameters for optimization, the ANSYS™ batch mode parameters, the
voxel meshes, etc. The files are used to give the user greater control over optimization
and to avoid the requirement of “coding” changes if certain aspects of the simulation
are changed. The majority of the files are created using the pre-processor programs
above for a specific mesh resolution; the purpose of the initialization files are described
in Table B.2.
File Name

Description

INPUT designvar

Contains parameters for optimization: size of XYZ
domain, mesh resolution, SIMP penalization, convergence criteria, maximum number of iterations,
etc.
INPUT ansysvar
Contains batch mode parameters for ANSYS™ and
specifics whether the analysis is distributed: version
of ANSYS, number of machines / processors, job
name, save temporary files, etc.
Contains selection of possible visualization: density
INPUT visualvar
/ stress / strain, radiograph, voxel, isosurface, etc.
Contains the cancellous voxel mesh information.
DS MODEL cancellous
DS MODEL cortical
Contains the cortical voxel mesh information.
DS MODEL constrained Contains the list of constrained cancellous elements
to facilitate design space reduction.
Contains the prosthesis voxel mesh information.
DS MODEL prosthesis
(Only for Total Hip Replacement simulation.)
ANSYS femur loadxx
Multiple files containing the node load profile information for the Bergmann loading conditions.
Table B.2: List of Processor initialization Input Files
Once the complete design spaces are input into the program, the key variables
are initialized and all desired parameters are set. The cancellous domain is then
initialized with randomly positioned tori, as outlined in Section 3.3.3, signaling the
end of initialization.
The program enters the outer design space optimization loop, as outlined in Section
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2.6, and performs a single layer design space expansion. This represents the first
design space, which will be used for the inner topology optimization loop. On the first
inner iteration, the nodal and mesh files are created; on subsequent iterations only
the cancellous mesh files changes to reflect the updated densities. After creation of
the mesh files, the program launches ANSYS™ in batch mode with the desired user
selected parameters. The ANSYS™ FEA is the bottleneck for the processor, utilizing
approximately 96% of total program computational time. Careful consideration of the
hardware requirements, such as memory and number of CPUs, needs to be considered a
priori to avoid exceeding the system’s capabilities causing simulation failure. ANSYS™
solves the two seperate loading cases and outputs the elemental strain energy and
nodal components of stresses. The nodal components are then used to create elemental
versions of X,Y,Z stresses; as well as, Von Mises if selected.
The strain energy is read into the program to calculate the objective function (stress
is used for visualization / analysis purposes only). The design variable sensitivity
is calculated using each elemental strain energy according to Equation 2.8. These
sensitivities are then subjected to the convolution filtering method and the perimeter
constraint function is calculated, both discussed in Section 2.5.2. At this point the
program is ready to update the design variables.
The optimization algorithm utilized is the Method of Moving Asymptotes (MMA),
which based on Sequential Convex Programming (SCP) [132]. The method is similar
to sequential linear or quadratic programming, in that, it solves a sequence of simpler
approximate subproblems. The MMA method is based on a special type of convex
programming, which creates separable subproblems based on the current and previous
iteration history of sensitivity. The reader is referred to the Svanberg’s detailed
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theory of the algorithm for further information [132]. The central feature that makes
MMA an excellent performer in terms of accuracy and solving time for topology
optimization is the use of separable approximations [51]. This allows the optimality of
the subproblems to be decoupled from the design variables themselves. This means
each design variable is optimized individually, reducing the computational requirements.
This local optimization method provides extremely fast solving at a cost; the global
solution is not guaranteed and even if found, cannot be certified. However, testing of
several topology problems have shown that MMA produces similar results to other
optimization algorithms at the cost of slightly longer convergence [51].
Once the design variables are updated, a convergence check is completed. If the
topology optimization is converged, it exits the inner topology optimization loop and
begins design space reduction. The raw data values: density, strain energy, stress
are output to text files. It should be noted that these files are also used as possible
“restore points”; that is, if the simulation fails for any reason it can be restarted at the
previous iteration using this data. Finally, the design space convergence is checked
after reduction; if converged the optimized design is achieved.

B.4

Post-processor

The post-processor allows the user to analyze the results in a variety of ways including
both graphical qualitative methods and numerical quantitative methods. The postprocessor analyzes the raw output data and converts this to the desired visualization
format for the plotting software to interpret, see Figure B.3.
Visualization of the three-dimensional proximal femur is an extremely difficult task
due to large number of design variables, which create huge computational requirements.
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Initialize Variables

FORTRAN Code
Input Data: Density, Strain, Stress
User selected ASCII outputs

Radiograph

Voxel

End of Data Set /
“Direct Output”?

Isosurface

NO

YES

Increment Iteration Number
by user defined value

Load ASCII data file(s)
Visualize data and
Re-encode as Binary file(s)

TECPLOT

Figure B.3: Post-processor Framework
A single isosurface output of the optimized geometry at 175µm is approximately 8GB
in file size (uncompressed); therefore, a system with a high-end graphics processing
unit (GPU) and large memory is required. This is the key reason that these files
are not calculated during the processor phase. The program TECPLOT™ 360 (a
computational fluid dynamics and data visualization software by Tecplot Inc. [133])
was utilized for visualization. This robust program contains several ways to portray
data in both two and three-dimensions.
Three main plot styles were created for visualization, including a novel simulated
radiograph output. These plot styles are written directly to ASCII text files from a
custom Fortran™ program and are summarized below:
Voxel
The voxel format is simply a Cartesian grid of constant, cubic finite elements of
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varying value. This visualization provides the highest accuracy, as the values (e.g.
density, strain energy, or stress) calculated in the FEA are directly represented
with no averaging or simplification. The main drawback is that each design
variable needs eight nodes and six faces to be rendered, resulting in large
computational requirements for the GPU.
Isosurface
An isosurface visualization uses the concept of level-set, a real-value function
of a set of data given a constant value. At all points where the function equals
this value a contour or surface is plotted. For example, an isosurface function
for a sphere (r2 = x2 + y 2 + z 2 ) is set to the constant radius value (c = r2 = 100),
all points of (x, y, z) that constitute this value are displayed as a continuous
level surface within the design space. Medical imaging often uses this format
to construct visuals from CT scan data at specific density values. The main
benefit of the isosurface format is the ability to quickly render the image by
using simplified polygonal models, resulting in less edges / faces to model than
the voxel format.
Simulated Radiograph
Radiography is used extensively in medical applications to visualize internal
tissues, such as bone and vital organs. Radiography uses the principal of X-ray
absorption: beams of X-rays are projected toward an object, depending on
the density and material properties of that object, more or less of the beam
is absorbed. These absorbed beams are then captured on a detection system
(historically film, now digital) creating a two-dimensional representation in black
and white corresponding to no material or dense material, respectively. In order
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to simulate this X-ray phenomenon, the total densities in the coronal plane
were stacked. This simulates the increase in X-ray absorption due to increased
material. The values were then normalized based upon the maximum value in
the design space producing a two-dimensional radiograph image. To the author’s
knowledge, this is a new novel approach to three-dimensional bone remodeling
visualization.
It should be noted that the above styles can be utilized for the three different data
sets; that is, density, strain energy, and various stress types.

Appendix C
Computation Considerations
C.1

Resources

The computational study of Wolff’s Law using a micro-finite element model represents
a large-scale analysis requiring massive amounts of computing resources for calculation
and visualization. These resources exceed the capabilities of a typical desktop computer;
as a results, a group of linked computers called a cluster must be utilized. Compute
clusters can include as little as two computers or several thousands linked together. The
multi-computer architecture allows for parallel computations; that is, each individual
computer can work on an individual portion or sub-section of a larger problem.
A cluster designed with several homogeneous computers, called nodes or blades,
connected through a shared dedicated local network is referred to as a Beowulf Cluster.
The typical Beowulf setup, shown in Figure C.1, consists of several compute nodes
that are connected via Ethernet to a single server computer. The server or workstation
is the master node and delegates tasks to the array of compute nodes. The compute
nodes and server are often connected to a remote Network Attached Storage (NAS)
177

APPENDIX C. COMPUTATION CONSIDERATIONS

178

array, which is used to store data that requires accessibly from any compute node.
The particular Beowulf cluster used was a Sun Systems Blade 8000 Modular System
consisting of six separate nodes, the specifications of the system are summarized in
Table C.1.
Gigabit LAN
Ethernet Switch

Network Attached
Storage Array

Compute Nodes
(Blades)

Server
(Workstation)

Figure C.1: A schematic of a typical Beowulf compute cluster

Sun Blade
8000 Cluster
Server
Node 0-1
Node 2-5
NAS Array

CPU

Memory

Hard Disk

2x Operton 2224 SE
Quad-core 3.2GHz
4x Operton 8222
Dual-Core 3.0 GHz
4x Operton 8222
Dual-Core 3.0 GHz
N/A

16GB DDR2

2x 300GB 15K RPM SAS1

64GB DDR2

2x 73GB 15K RPM SAS1

16GB DDR2

2x 73GB 15K RPM SAS1

N/A

12x 73GB 15K RPM SAS2

TOTAL
56x Cores
208GB
1230GB
1 : Server / Nodes configured in RAID 0 - MIRRORED. Approx. 50% available.
2 : NAS array configured in RAID 5 - REDUNDANT. Approx. 75% available.
Table C.1: Sun Blade Cluster Specifications

The visualization computer is based on Intel i7 quad-core platform running at
2.67GHz with 12GB DDR3 RAM. In addition, it has two ATI Radeon 4850 GPUs in

APPENDIX C. COMPUTATION CONSIDERATIONS

179

cross-linked configuration; totaling 2GB of GPU memory. Storage consists of a 1TB
harddrive and a NAS consisting of 4TB of available space.

C.2

Parallel Computing

Parallel computing was a central component in this research; in fact, it was required
for the completion of the FEA. A large portion of time and resources was spent
configuring the above Sun Blade Cluster and researching proper utilization of parallel
computing resources. Several months were spent debugging the server: specific parallel
libraries, communication protocols, and custom code were all installed and tested to
function properly (a word of advice is to get dedicated server administrators if funds
permit). In the analysis, two types of parallel computing were used and are briefly
described in the following sections. It should be noted that the various technical terms
in parallel computing contain significant amount of overlap and scores of confusing
acronyms. For example, different texts describe no differences between the terms
distributed computing and parallel computing, others classify them separately based
on memory setup. The author will present only the key hardware architecture and
specific programming routines implemented in an attempt to avoid confusion.

C.2.1

Distributed Computing: MPI

The FEA in the optimization routine is the hardware bottleneck for this simulation;
accounting for over 96% of computing time. This is the portion of the analysis
where a minimal speed increase can significantly decrease overall analysis time. More
importantly, the main limitation of completing the analysis at a higher mesh resolution
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is memory limitation. A single computer system now can easily have 8 CPU cores;
however, memory is still normally below 16GB. In order to overcome this limitation,
distributed computing was utilized. Distributed computing allows a larger problem to
be sub-divided in smaller, more managable tasks for several computers to work on
simultanteously. The benefits include decreased computational time and increased
access to memory via the distributed memory network.
The FEA program used for the analysis was the commercial package ANSYS™ [89],
which has the ability to complete distributed computing analyses with minimal coding.
The method that ANSYS™ uses for node-to-node communication is the Massage
Passing Interface (MPI) specification. MPI is a communications protocol that allows
message passing or instructions to be sent back and forth to several computers. The
standard uses static library functions, which are language independent allowing for
greater portability between different hardware and operating systems.
ANSYS™ takes the complete design problem and reads in the design domain on the
server computer. The domain is then divided into sub-domains using a decomposition
algorithm; normally, in excess of 4000 sub-domains were created for the 175µm problem.
These domains are then sent out to each of the compute nodes using the MPI protocol
activating the distributed ANSYS™ solver algorithm. Each individual node will be
assigned several sub-domains to be solved; each time the subdomain is solved, the
solution is exchanged for another sub-domain. Upon completion of all domains, the
complete solution is then reconstructed on the server and post-processing can begin.
The server is in constant communication with the compute nodes; as vital domain
information is stored on the master node and a compute node often requests this data.
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Symmetric Multiprocessing: OpenMP

The advent of multi-core CPUs, a processor comprised of two or more independent
cores in a single chip form factor, allowed the creation of a simplified parallel computing
construct. Symmetric multiprocessing (SMP) systems are multi-core computers with
a single shared memory architecture; therefore, each core has direct communication
with each other and any portion of memory. The difference between the SMP and
distributed memory system is shown in Figure C.2. Open Multi-processing (OpenMP)
is an application program interface that supports multi-platform shared-memory
parallel programming in a variety of languages, including Fortran™ . Similar to MPI,
it is consists of a portable set of runtime libraries and environment variables. Its
functionality is similar; however, the main difference is memory allocation.
Processor
Memory
Processor
Memory
Processor
Processor

Memory

Memory

Processor

Processor

Processor

Memory

(a) Distributed Memory

(b) Shared Memory

Figure C.2: Memory Architecture Types
Consider an array with 1000 different values, with an objective to multiple all
the numbers with a constant then finalize with a summation of the array. Using
OpenMP on a quad-core system allows each core to work share independently, 250
values will be processed on each core, then summed on a single master core after the
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four independent processes complete. A single set of value is stored in the memory.
Using MPI on four single-core system means 250 value will be processed on each
core, as above; however, the constant value and portion of the array will need to be
send each system to be stored in local memory. The final result of each sub-problem
needs to be sent back to the master node and reconstructed. There is increased
communication and complexity in the MPI version due to the multiple instances of
the same variables being required in the local memory; whereas, the SMP machine
has this information readily available in the shared memory.
OpenMP was implemented in the Fortran™ program predominantly for file I/O
reading and creation. Several cores would read and write several massive output files
simultaneously resulting in a speed increase of approximately 43% for these sections
(the increase is limited by maximum hard drive speeds).

